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 ABSTRACT 
Vietnamese government has a nuclear energy program with the goal of building 14 
units of nuclear reactor by 2030. Ninh Thuan has been the location approved by the 
government for the construction of the first nuclear power plants (NPP). Estimating 
the risk of radionuclide releases in the atmosphere is currently the most essential task 
for Vietnamese authorities in order to regulate the area-zones around the NPP 
facilities and to propose the policies to protect public health and safety. There is, 
however, no existing documented work on such critical assessment and this study is 
an attempt to fill this gap. In the first stage, the study has proposed the Simplified 
Wind Transport Model that overcomes the restriction of meteorological data 
availability as important input requirements for the other current atmospherics 
dispersion models. This model aims to estimate the transport paths of the radioactive 
materials in the atmosphere based on the widely available data of the wind speed and 
wind direction. More than forty thousand simulations for the entire weather 
conditions in Ninh Thuan during 14 year period (1996-2009) were carried out and 
combined to build up the spatial risk maps around the Ninh Thuan NPP site. In the 
second stage of the study, a practical methodology based on conventional and 
historical data approach to assess the offsite dose of radioactivity releases in airborne 
that enter the human body through inhalation exposure pathway was developed. 
Based on the offsite dose estimations, the research seeks to recommend to the 
government authorities the plan for arranging the critical zones around the NPP and 
the evacuation policy to minimize the risk of the radionuclide release to the public and 
to the surrounding environment. 
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Chapter 1.  
INTRODUCTION 
1.1 Research Motivation 
The principal risks associated with nuclear power arise from human health effects of 
radiation. Nuclear power plants (NPP) generate large quantities of highly radioactive 
material [1]. These materials can come into contact with people principally through 
small releases during routine plant operation, NPP accidents, accidents in transporting 
radioactive materials, and escape of radioactive wastes from confinement systems, 
and accidents caused by natural disasters [1][2]. Thus, a major concern of people who 
live and work around nuclear facilities is the risk of spread of radioactivity to 
environment, especially in the case of NPP accidents.  
Radionuclide releases to the environment through two main paths: atmosphere 
and underground. Among them, accidental releases to the underground environment 
make a comparatively small contribution to the overall risk from NPP [3]. However, 
the assessment of releases to the atmosphere has been the principal concern. 
Atmospheric dispersion modelling is the mathematical simulation that is usually used 
to predict how air pollutants disperse in the ambient atmosphere. It is performed with 
computer programs to simulate the transport and dispersion processes of 
radionuclide. Based on that, the estimation of the consequences due to NPP accident, 
taking into account the range of environmental conditions at the time of the accident 
and the probability associated with these conditions, can be provided [4]. Currently, 
Gaussian Plume Model (GPM) and Puff Trajectory Model (PTM) are perhaps the most 
commonly used atmospheric dispersion model types [5].  
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Radionuclide released to the atmosphere as a fine aerosol or gas will create a 
plume that is carried downwind [6]. During this transport process, it expands 
horizontally and vertically owing to diffusion and turbulent eddies in the atmosphere 
[5][7][8]. It is controlled by the prevailing meteorological conditions like wind profile, 
temperature profile and stability of the atmosphere [5][7][8]. Atmospheric dispersion 
models attempt to express the interrelationships of these factors in terms of 
mathematical equations [7]. They must capture the essential physics of the dispersion 
process and provide reasonable and repeatable estimates of downwind 
concentrations [9]. This generally requires detailed knowledge of source 
characteristics, such as meteorological conditions, but it is also desirable to keep these 
input requirements to a minimum [10] [11]. 
 Being the oldest model among others, GPM assumes the concentration of 
radionuclide materials released into the atmosphere described by the Gaussian 
distribution [10]. It means that the pollutant distribution has a normal probability 
distribution in all three directions (along-wind direction, crosswind direction and 
vertical direction) [12]. The Gaussian-plume formulae are derived assuming ‘steady-
state’ weather conditions. In other words, meteorological conditions are assumed to 
remain constant during the dispersion from source to receptor [13]. The downwind 
transport goes along a straight line; the wind speed and the eddy diffusion are 
invariant during modeling process.  
PTM, however, is a dynamic pollutant tracer model developed to simulate the 
behavior of radionuclide released into the atmosphere under the unsteady-state 
meteorological condition [14]. The model is based on the three-dimensional Puff 
formulation of pollutant dispersion. PTM predicts plume’s trajectory and calculates 
the dispersion along that trajectory [14]. In PTM, radionuclide releases can be 
represented by a series of puffs of radionuclide materials, which are also transported 
by the winds [14]. Each puff initializes a collection of discrete radionuclide particles 
representing a sample of the eruption plume and calculates transport, turbulent 
dispersion and fallout for each particle [14].  
The main limitation of GPM is relatively low in the realistic reflective 
characteristic of the simulation results [13]. GPM is derived based on the assumption 
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on steady state of meteorological condition, yet in reality, the wind speed, wind 
direction, temperature and atmospheric stability are not constant [13]. The results by 
GPM then may not accurately reflect reality. The GPM only can provide a better 
representation of reality if conditions do not change rapidly within the hour being 
modelled (i.e. conditions are reasonably steady and do not deviate significantly from 
the average values for the hour being modelled) [13]. Moreover, the Gaussian curves 
of radionuclide concentration are actually determined for distances out to about 1 km, 
yet in fact, these curves are commonly extrapolated to 100 km [15]. Therefore, GPM 
are most applicable to short-range modelling distances [15]. Despite their theoretical 
limitations, the simple Gaussian models for atmospheric dispersion are still widely 
used, primarily because they produce results that often agree fairly well with 
measured experimental data.  
Table 1.1: The meteorological input data requirement for GPM and PTM 




Wind (Speed, Direction) o o 
Atmospheric Stability o o 
 Wind speed o o 
 Cloud Cover Rate o o 
 Solar Radiation o o 
Vertical Temperature  o 
Vertical Wind (Speed, Direction)  o 
PTM models, with progressively increasing levels of mathematical sophistication, 
aim to produce results that are more realistic [11]. PTM can avoid most of the 
limitations associated with GPM models. PTM can be applied for complex 
meteorological condition and be used for long-range modelling distances [11]. 
However, the complexity of the model makes it require much greater meteorological 
input data requirements than GPM (Table 1.1) and it is the main disadvantage of PTM. 
This disadvantage gets emphasized when complex terrain conditions are present. 
Moreover, as the number of input variables goes up in the PTM models, the room for 
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input data error increases as well [11]. Another disadvantage of PTM is that it is very 
sensitive to errors in selecting values for the wind field, which drives the entire 
trajectory analysis [11].  
Simply put, different atmospheric dispersion models do involve different 
meteorological input data demands which may include varying meteorology to 
simulate how radionuclides disperse in the ambient atmosphere. The concentrations 
of radioactive contaminants are primarily controlled by the meteorological elements 
including wind, temperature, precipitation amounts, mixing height and stability of the 
atmosphere. Among these, atmospheric stability is again composed of different 
meteorological measurements, including wind speed, temperature, cloud cover rate 
and solar radiation. These meteorological data is observed and recorded by the 
weather station facilities, either on the surface or upper-air. While the general 
measurements taken include wind speed, wind direction, precipitation amounts 
and cloud cover rate, some extensive thermodynamic information such as solar 
radiation and mixing height are not usually recorded because of the lack of recording 
instruments. Mixing height data is usually captured by upper air stations, and solar 
radiation is measured by pyranometers or actinometers, yet these instruments are not 
always equipped in any meteorological station. It is the real case of many developing 
countries where the meteorological network systems are not well-equipped. Vietnam 
is one typical example. There are in total 174 surface metrological stations in this 
country, yet only 9 stations are equipped with upper air instruments and none of them 
can operate solar radiation recording [16]. Even in Ninh Thuan province, the location 
that the Vietnamese government has a plan to build the NPP in the near future, there is 
currently only one surface meteorological station without mixing height and solar 
radiation capture capability. There is only the surface meteorological data of the single 
site that can be recorded. In such situation, neither GPM nor PTM can be used for 
modelling the atmospheric dispersion. Meteorological data from a monitoring site 
within the area of interest, therefore, become a crucial component for the design of 




Table 1.2: The comparison of weather indicator record between surface and upper-air 
station in Vietnam and Japan 
 Surface Weather Station Upper-Air Weather 
Station 
Limited Full 
Wind Profile o o  
Temperature o o  
Precipitation (rainfall) o o  
Air Pressure o o  
Humidity o o  
Visibility o o  
Cloud Cove Rate  o o  
Solar radiation  o  
Vertical Wind   o 
Vertical Temperature   o 












The table 1.2 shows the comparison between weather station types. It has 
surface weather station and upper-air weather station. In surface weather station, 
some station has a fully record of meteorological indicator that is called by fully 
surface weather station, the other just record some basic meteorological indicator 
such as they just record wind or temperature is called limited surface weather station. 
The current weather station network in Vietnam has 174 surface weather stations, 
and all of them is the limited surface weather station, no fully surface weather station, 
9 upper-air weather station. For surface weather station, these stations record 8 times 
per day, but for upper-air weather station, they just records one or two times per day. 
Compare with Japan, Japan has around 600 limited surface weather stations, around 
700 full surface weather stations and 31 upper-air stations. Most of the station, record 
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every 10 minutes. Therefore, it can say that in Viet Nam the weather station just can 
provide a very limited meteorological data for radionuclide risk assessment. 
In conclusion, Vietnamese government needs a clear answer about the risk of 
radionuclide released from NPP to the public. However, the current tool for risk 
assessment which is the atmospheric dispersion model needs the complete 
meteorological data. Therefore, to achieve a clear answer about the radiological risk, it 
is vital to develop an atmospheric dispersion model that can be workable under the 
limited of current atmospheric data in Ninh Thuan NPP sites. 
1.2 Research Objectives 
Based on the reasons in the previous section, the research objective aims to create a 
tool, an atmospheric dispersion model, supporting for risk assessment of toxic 
pollutant released in the atmosphere under the limitation of atmospheric database 
availability and apply it for Ninh Thuan NPP site. 
This study is an attempt to construct a model, namely, Simplified Wind Transport 
Model (SWTM) to estimate the transport of radionuclides in the atmosphere for the 
nuclear site. It provides overview estimation about how radionuclide transport based 
on the historical wind speed and direction. SWTM is designed by efforts to decrease 
meteorological input data demands. More specifically, its use avoids the limitations 
associated with steady-state models like GPM by taking into account the time-varying 
wind condition. The model can also overcome the limitation on the meteorological 
data from a monitoring NPP site by providing prediction radionuclide dispersion 
based on the widely available data of the wind speed and direction.  
In order to demonstrate the usefulness and applicability of SWTM model, the 
simulation radionuclides transport in the atmosphere is implemented for Ninh Thuan 
2 NPP site in Vietnam through a total of 40,904 meteorological conditions over an 
fourteen-year period (1996 - 2009). With the goal of building four units of nuclear 
power reactors in Ninh Thuan 2 NPP site under the partnership with Japan, it is a 
requisite for Vietnamese policy makers to assess the risk by radioactivity release. 
SWTM simulation results are used to produce the spatial risk maps for potential area 
 7 
affected by radioactive release. Based on that, it helps the planners to facilitate 
preparedness and mitigation strategies, and to discuss policies on safety and 
environment at regional and national levels.  
Moreover, this study is an attempt to develop and to evaluate a practical 
methodology to assess the offsite dose of a hypothetical nuclear power plant (NPP) 
accident at the Ninh Thuan 2 NPP in Vietnam. The dose factor of radioactivity releases 
in airborne that enter the human body through inhalation exposure pathway is 
primarily focused to evaluate the human dose of interest. Based on the estimation of 
offsite dose, this research provides the comparative results of estimating exclusion 
zone and low population zone. The results can be used by the government in planning 
the critical zones and in producing the evacuation policy in case of NPP accident to 
limit and minimize the consequence of the radionuclide to the public and the 
environment 
1.3 Outline of the Research 
This thesis is organized in 8 chapters as follows: 
Chapter 1 – Introduction. This chapter introduces the background, the 
motivation and the objectives of the research. The outline of this thesis is also briefly 
described in this chapter. 
Chapter 2 – Technical Background. The technical background chapter introduces 
the main component of assessing radiological risk such as radionuclide source term, 
atmospheric transport of radionuclides, offsite dose assessment through different 
pathway.  
Chapter 3 – Research Site Characteristics. The chapter 3 presents an overview of 
Vietnam nuclear power plant program and the some characteristics of Ninh Thuan 
nuclear power plant site. 
Chapter 4 – Meteorological Database. This chapter describes how the 
meteorological data is collected. Moreover, this chapter also present the current 
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situation of meteorological database and the preparing input meteorological data 
process supporting for atmospheric dispersion model.  
Chapter 5 – Simplified Wind Transport Model. This chapter introduces the 
proposed atmospheric dispersion model – Simplified Wind Transport model. It 
contains the methodology of SWTM and the application of SWTM for Ninh Thuan NPP 
site. 
Chapter 6 – Revised Simplified Wind Transport Model. This chapter explains the 
methodology in order to improve the major weakness point of SWTM. It provides a 
more realistic estimation of atmospheric diffusion by applying Pasquill-Turner 
method in estimating atmospheric stability class.   
Chapter 7 – Offsite Dose Assessment and Zone Planning. This chapter present the 
methodology in assessing the offsite dose and the regular in creating zone planning. 
This chapter also introduce the different approach in determining the zone planning. 
Chapter 8 – Discussion and Conclusion. This chapter presents the overall 
conclusions of this research work and describes the future development of this 
research in nuclear safety technology and radionuclide risk assessment. 
The figure 1.1 below shows the relation among the main component of this thesis. 
More specifically, this research is divided into two main components. The first 
component is the simplified wind transport model (Chapter 5). The proposing 
atmospheric dispersion model can work under the limited of atmospheric data. The 
input data of SWTM is just only wind direction and wind speed over the travel time of 
radionuclide. Based on the result of SWTM, spatial risk map is created. The second 
component (Chapter 6 and Chapter 7) is the revised of SWTM and its application. 
Based on the advantage and disadvantage of SWTM that proposed in the first part, this 
part focus on improve the weakness point of SWTM in estimating the dispersion. The 
second component also introduces some applications of revised SWTM in estimating 















Figure 1.1: The relation among the main components of thesis 
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Chapter 2.  
TECHNICAL BACKGROUND 
2.1 Radionuclide Source Term 
The source term is the characterization and quantification of the material released to 
the environment [19]. Source term refers to the quantities and compositions of 
radioactive materials released, locations of the release points, and the rates of release 
during the times considered in the assessment [19]. The released radionuclides may 
be gaseous, associated with airborne particles, or dissolved or suspended in aqueous 
or other liquids [19]. Operating facilities typically have routine releases of 
radionuclides to air via stacks and chimneys and to water bodies via liquid discharge 
outfalls [19]. Waste materials that are stored onsite or at disposal facilities may be 
released to the air or water, or to the soil and then to groundwater [19]. In all cases, 
the particle size and chemical form or solubility of the released activity can be 
important for the proper estimation of radionuclide transport in the environment [15]. 
The release of radioactive substances from a reactor to the environment (the 
source term) depends on the following factors [20]:  
- The inventory of fission products and other radionuclides in the core (or the 
inventory in experimental devices or other locations such as the spent fuel pool 
or isotope production facilities) [20] 
- The progression of core damage (or failure of experimental devices or isotope 
production facilities) [20] 
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- The fraction of radionuclides released from the fuel (or from experimental 
devices or other locations), and the physical and chemical forms of released 
radioactive materials [20] 
- The retention of radionuclides in the primary cooling system[20] 
- The performance of means of confinement (e.g. emergency ventilation rate, 
filter efficiency, leak rate, liquid effluent release rate, radioactive decay due to 
time delay of release, deposition on surfaces and resuspension) [20]. 
2.1.1 Fission Product Characteristics 
The large number of fission and activation products that are formed during the fission 
process can be grouped into a small set of categories of elements with similar physical 
or chemical behaviours [21]. The radionuclide classification scheme used in the 
Reactor Safety Study [21] is given in Table 2.1. 
Table 2.1: Radionuclide Classification Scheme used in the Reactor Safety Study  
Class Relevant radionuclides 
Noble gases Xe, Kr 
Halogens I, Br 
Alkali metals Cs, Rb 
Tellurium group Te, Se, Sb 
Alkaline earths Sr, Ba 
Transition metals Ru, Mo, Pd, Rh, Te 
Lanthanides and actinides La, Nd, Eu, Y, Ce, Pr, Pm, Sm, Np, Pu, Zr, Nb 
The nuclides of interest in source term calculations are gaseous, volatile and 
semi-volatile nuclides, since these are the most likely to be released from overheated 
fuel elements [20]. The gaseous elements are the noble gas isotopes of krypton and 
xenon, and the volatile elements are iodine, caesium and the tellurium group, except 
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antimony [20]. The semi-volatile elements, roughly in order of decreasing volatility, 
are: ruthenium, antimony, barium, strontium, cerium and lanthanum, among others 
[20]. The rare earths and actinides have much higher boiling points and usually 
remain dissolved in the fuel [20].  
Precursor sources of radionuclides of interest such as iodine can be determined 
from their decay chains and yields [20]. Precursor sources are frequently neglected, 
but can be important under some circumstances [20]. For example, the post-shutdown 
production of 131I from 131Te and the production of 135Xe from 135I are of importance 
and should be considered [20]. On the other hand, tellurium reacts strongly with some 
core materials such as zirconium, delaying its release [20]. Thus, each reactor and 
possible accident sequence type must be considered on an individual basis [20]. 
Frequently, the iodine fractions are increased by some conservative factor to allow for 
precursor production [20]. 
A further consideration is desirable when selecting which radionuclides 
contribute significantly to the dose [20]. It usually suffices to consider the following 
set of radionuclides [20]:  
- Whole body: noble gases (particularly 88Kr, 135Xe and 133Xe) [20] 
- Thyroid: Iodines (particularly 131I, 133I) [20]. 
- Lung/internal: volatile nuclides (e.g. 131I, 132Te, 106Ru, 134Cs, 137Cs) and, for 
scenarios of high core temperatures (>1000𝑜), 90Sr [20]. 
Although some radionuclides deliver a skin dose, they are not major contributors 
to the limiting dose, and it is usual to neglect the skin dose [20]. 
2.1.2 Radionuclide Source Terms 
The amount of activity of other radionuclides (e.g. activation products and 
transmutation isotopes) usually is significantly less than that of the fission products 
[20]. Therefore, other radionuclides do not contribute significantly to the source term 
and accident consequences [20]. Thus, the source term for these other radionuclides is 
of significantly less importance and in many cases may be omitted from the source 
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term evaluation and consequence analysis or only included as an approximate 
estimate [20]. Depending on the initial enrichment of the fuel, however, the 
production of transuranic radionuclides by activation of uranium may have to be 
considered in the source term evaluation [20]. In addition, with specific reactor 
designs, special applications or experimental facilities, large inventories of other 
radionuclides may be present or activated under special circumstances, and a separate 
source term evaluation for these radionuclides may be required [20]. Experience from 
research reactors shows that failure and malfunctioning of irradiation devices and 
experimental facilities, and the resulting releases to the building, are more probable 
than are releases due to core damage [20]. Therefore, a source term and consequence 
evaluation must also be performed for radionuclide inventories other than the fission 
product inventory, in particular for irradiation devices, isotope production facilities 
and experimental facilities, especially with regard to consequences inside the reactor 
building [20]. This may be of particular importance for reactors with special safety 
designs to protect the core so that the potential source term for the fission product 
inventory is very low or essentially zero [20]. In such cases, the possible release of 
radionuclides from experimental facilities may pose the most significant source term 
potential [20]. 
This thesis considers the source term of ABWR, US-APWR. The radionuclide risk 
estimation is calculated by using the time-dependent activities released to the 
atmosphere for each radionuclide materials. There are different approaches in 
estimating the radionuclide activity releases because of different source term in 
different NPP. This research just lists the Iodine activity release to the atmosphere. 
The ABWR source terms are calculated using some guidance from U.S. 






Table 2.2: ABWR Source Terms – Radionuclide Activity Release to the Environment 
during a LOCA 
Isotope 8 hr. 12hr. 1 day 4 days 30 days 
A. Reactor Building Release to Environment (mega Becquerel)  
I-131 1.40E+07 1.90E+07 3.90E+07 2.10E+08 7.30E+08 
I-132 1.50E+07 1.60E+07 1.60E+07 1.60E+07 1.60E+07 
I-133 2.90E+07 3.60E+07 6.10E+07 1.30E+08 1.40E+08 
I-134 2.10E+07 2.10E+07 2.10E+07 2.10E+07 2.10E+07 
I-135 2.50E+07 2.90E+07 3.40E+07 3.80E+07 3.80E+07 
Kr-83m 3.10E+07 3.50E+07 3.60E+07 3.60E+07 3.60E+07 
Kr-85 1.30E+07 2.60E+07 8.90E+07 7.30E+08 6.10E+09 
Kr-85m 1.40E+08 2.10E+08 3.00E+08 3.20E+08 3.20E+08 
Kr-87 8.50E+07 8.90E+07 8.90E+07 8.90E+07 8.90E+07 
Kr-88 2.70E+08 3.40E+08 3.90E+08 4.10E+08 4.10E+08 
Kr-89 7.30E+06 7.30E+06 7.30E+06 7.30E+06 7.30E+06 
Xe-131m 6.50E+06 1.40E+07 4.50E+07 3.30E+08 1.50E+09 
Xe-133 2.30E+09 4.80E+09 1.50E+10 9.70E+10 2.70E+11 
Xe-133m 9.30E+07 1.90E+08 5.70E+08 2.80E+09 4.50E+09 
Xe-135 2.10E+08 3.60E+08 7.30E+08 1.10E+09 1.10E+09 
Xe-135m 2.00E+07 2.00E+07 2.00E+07 2.00E+07 2.00E+07 
Xe-137 2.10E+07 2.10E+07 2.10E+07 2.10E+07 2.10E+07 
Xe-138 8.10E+07 8.10E+07 8.10E+07 8.10E+07 8.10E+07 
B. Condenser Release to Environment (mega Becquerel) 
I-131 9.30E+05 2.60E+06 1.30E+07 2.00E+08 2.20E+09 
I-132 2.60E+05 3.80E+05 4.80E+05 4.80E+05 4.80E+05 
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I-133 1.60E+06 4.10E+06 1.60E+07 8.10E+07 9.80E+07 
I-134 5.30E+04 5.30E+04 5.30E+04 5.30E+04 5.30E+04 
I-135 1.00E+06 2.20E+06 5.70E+06 8.10E+06 8.10E+06 
Kr-83m 1.40E+06 1.90E+06 2.10E+06 2.10E+06 2.10E+06 
Kr-85 1.00E+06 2.80E+06 1.40E+07 2.50E+08 6.50E+09 
Kr-85m 9.30E+06 1.80E+07 3.30E+07 3.90E+07 3.90E+07 
Kr-87 2.60E+06 3.00E+06 3.10E+06 3.10E+06 3.10E+06 
Kr-88 1.50E+07 2.50E+07 3.40E+07 3.50E+07 3.50E+07 
Kr-89 4.50E+00 4.50E+00 4.50E+00 4.50E+00 4.50E+00 
Xe-131m 5.30E+05 1.40E+06 7.30E+06 1.10E+08 1.40E+09 
Xe-133 1.80E+08 4.80E+08 2.40E+09 3.30E+10 2.00E+11 
Xe-133m 7.30E+06 2.00E+07 8.90E+07 8.90E+08 2.20E+09 
Xe-135 1.50E+07 3.60E+07 1.10E+08 2.20E+08 2.20E+08 
Xe-135m 1.40E+04 1.40E+04 1.40E+04 1.40E+04 1.40E+04 
Xe-137 3.80E+01 3.80E+01 3.80E+01 3.80E+01 3.80E+01 
Xe-138 4.10E+04 4.10E+04 4.10E+04 4.10E+04 4.10E+04 
The US-APWR source terms are calculated using the guidance in NUREG-0800 
and RG 1.183. Source terms for the US-APWR are listed in Tables 2.3 
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Table 2.3: APWR Source Terms – Radionuclide Activity Release to the Environment 
during a LOCA 
Isotope 8 hr. 12hr. 1 day 4 days 30 days 
Kr-85 7.75E+02 1.74E+03 3.92E+03 3.35E+04 3.99E+04 
Kr-85m 9.16E+03 4.37E+03 1.99E+02 0.00E+00 1.37E+04 
Kr-87 3.54E+03 7.83E+01 0.00E+00 0.00E+00 3.62E+03 
Kr-88 1.68E+04 3.68E+03 3.70E+01 0.00E+00 2.05E+04 
Xe-133 1.26E+05 2.76E+05 4.93E+05 9.77E+05 1.87E+06 
Xe-135 3.79E+04 4.05E+04 9.60E+03 4.41E+01 8.80E+04 
I-131 1.42E+03 5.61E+02 1.85E+03 5.60E+03 9.43E+03 
I-132 1.50E+03 1.01E+02 2.22E+02 2.48E+02 2.07E+03 
I-133 2.67E+03 7.37E+02 8.09E+02 8.07E+01 4.30E+03 
I-134 4.22E+02 1.84E-01 0.00E+00 0.00E+00 4.22E+02 
I-135 1.95E+03 2.44E+02 4.67E+01 1.20E-01 2.24E+03 
2.2 Atmospheric Transport of Radionuclides 
2.2.1 The Characteristics of Atmospheric Releases 
2.2.1.1 Winds 
You need to know the nearest location of a meteorological tower (or other source of 
meteorological data), the height of the measurements, and the representativeness of 
the data for the path of the pollutant. [15] 
The wind direction determines the path of the radionuclides (the where 
question) and, therefore, which downwind inhabitants may be exposed  [15]. 
Unfortunately, specifying the wind direction is not always an easy task  [15]. The wind 
direction can shift significantly in an hour or less, and the wind direction measured at 
the nuclear facility site may or may not be representative of the wind direction at 
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other locations over which released radionuclides will travel  [15]. Figure 2.1 gives an 
example of time variations, and figure 2.2 gives an example of horizontal variations for 
different weather conditions [15]. To assess the potential impact of radionuclide 
releases on people living downwind of a site, you need to know the direction toward 
which the wind is blowing [15]. However, wind vanes, the meteorological instruments 
used to measure wind direction, are read in terms of the direction from which the 
wind is blowing, and most meteorologists report wind direction as “direction from” 
[15]. This is a potential source of serious confusion when assessing the impact of 
radionuclide releases [15]. The vectors in figures 2.1 and 2.2 are pointing toward the 
direction in which the wind is blowing [15]. Another source of potential error is 
misalignment of the wind direction instrument itself [15]. For example, at the 
Savannah River Site in the early construction period, the plant was aligned with an 
existing railroad track through the site, and this was called plant north [15]. 
Unfortunately, this is 37 degrees off of true north, and it was a source of confusion in 
the early years of the plant’s history [15]. In addition, if compasses are used to align 
wind vanes, then corrections need to be made for the magnetic declination [15]. You 
also need to remember that the accuracy of a wind vane is usually never better than 
about 5 degrees [15].  
 
Figure 2.1: The hourly wind vector as a function of time on March 28, 1979, at the 
Three-Mile Island site. Arrows indicate direction toward which the onsite wind was 
blowing at the local time indicated. Circles represent varying wind speeds [15] 
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Figure 2.2: Different wind patterns at the Savannah River site, South Carolina 
The wind patterns are measured from the operational network of 8 meteorological 
towers, each 61 m high; an offsite television tower; and the National Weather Service 
station at Augusta, Georgia [15][25]. The wind field is at 61m except for a second 
instrument at a lower level near the Savannah River and for Augusta [15][25]. Figure 
2.2 (a) A significant wind shift within the network [15][25]. Figure 2.2 (b) A relatively 
uniform midafternoon flow [15][25]. Figure 2.2 (c) An example of gravity flow 
affecting the winds near the Savannah River on an otherwise relatively light wind at 
night-time with southeasterly flow over the site [15][25]. Figure 2.2 (d) An illustration 
of a chaotic flow during a transition from northerly to southwesterly flow in 
midmorning [15][25] 
Wind speed refers to the rate at which the air is moving horizontally [15]. Wind 
velocity refers to the vector quantity, which consists of both speed and direction. Like 
wind direction, wind speed can vary significantly [15]. Rising in the atmospheric 
boundary layer, the wind speed tends to increase in response to the lessening of the 
frictional effects of the earth’s surface [15]. Wind speed is important in assessing the 
impact of radionuclide releases because the speed of the wind determines the travel 
time and dilution between the point of release (the when question) and the location of 
any particular receptor [15]. For a continuous release of contaminants, the 
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concentration of any contaminant released into the atmosphere is inversely 
proportional to the wind speed (a part of the how much question) [15]. As a result, the 
wind speed is a key parameter in any assessment of the impact of radionuclide 
releases to the atmosphere [15]. You must remember, however, that the instruments 
used are accurate only to about 5% of the observed speed, and that instrument stalling 
speeds vary from about 1 to 5 m.s−1 depending on the particular instrument and its 
maintenance [15]. 
Ideally, the wind instrumentation providing the data for your assessment should 
be located at the release height of the contaminant [15][26]. If not, then you should 
correct the data to the height of the release using one of the formulas available to 
depict these changes with height [15][26]. The simplest, reasonably accurate formula 
is the Power Law for speed change with height as a function of stability [26]: 





 Equation 2.1 
where 
u  wind speed at height z 
𝑢1 wind speed at reference height 𝑧1 
m a variable that changes with atmospheric stability and surface 
roughness≥0 
Table 2.4: Values of the Power Law variable m as a function of surface roughness and 






Near neutral Stable Very stable 
Rural 0.07 0.14 0.35 0.55 
Urban 0.15 0.23 0.40 0.60 
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2.2.1.2 Eddy Diffusion Coefficients 
The concept of eddy diffusion coefficients for turbulent flow arises from an analogy to 
the molecular transfer of momentum and heat for gases [15]. The idea is that if an 
elemental box is formed, the time change of concentration of pollutants in the box is 
the result of divergence or convergence of the fluxes of the pollutant in each of three 
directions [15]. This is represented in the following equation: 
 𝐹𝑥 = 𝐾𝑥
𝜕𝜒
𝜕𝑥
 Equation 2.2 
Where 
𝐹𝑥  flux of pollutant in the x direction (g 𝑚
−2𝑠−1) 
𝐾𝑥  eddy diffusivity in the x direction (𝑚
2𝑠−1) 
𝜒  concentration of the pollutant (g 𝑚−3)  
In equation 2.2, the molecular transfer of the pollutant has been ignored because 
it is always much smaller than that for turbulent flow [15]. In molecular problems, the 
kinematic viscosity is a constant property of the media. The three-dimensional 






















)]  Equation 2.3 
Where  
x, y, and z the downwind, crosswind, and vertical directions, 
𝐾𝑥, 𝐾𝑦, 𝐾𝑧 eddy diffusivities in the x-, y-, z- directions 
Assuming continuity of mass, solutions to the diffusion equation 2.3 vary with 
initial and boundary conditions and result in Gaussian distributions of pollutant, χ, in 
the x-, y-, and z-directions [15]. This results in 
 𝜎2 = 2𝐾𝑡  Equation 2.4 
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for each of the three directions (x, y, and z), with σ being the standard deviation 
of the Gaussian distribution. 
2.2.1.3 Atmospheric Stability Class  
To perform diffusion calculations, it is necessary to devise a scheme for characterizing 
the turbulence in a way that is consistent with observations of actual diffusion [15]. 
The most common approach is to combine some atmospheric measurements of winds 
and temperatures in a way that theory indicates should be related to diffusion rates 
and then to correlate these measurements to the spread of pollutant plumes or clouds 
in the atmosphere [15]. Under the assumption that the plume or cloud has a Gaussian 
distribution of pollutants in crosswind directions, the distance from the peak 
concentration to the location of a concentration of 1/10 of the peak concentration is 
usually correlated with the stability category [15]. This is 2.5 times the standard 
deviation of a Gaussian distribution fitted to the cloud’s averaged crosswind 
concentration profile [15]. 
 
Figure 2.3: The effect of atmospheric stability on plumes 
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Atmospheric stability plays the most important role in the transport and 
dispersion of air pollutants [15][27]. Most of these methods in determining 
atmospheric stability are based on the relative importance of convective and 
mechanical turbulence in atmospheric motions [15][27]. Difference between such 
methods is due to use of different indicators for both convective and mechanical 
turbulence [15][27]. Generally, when convective turbulence predominates, winds are 
weak and atmosphere is in unstable condition [15][27]. When importance of 
convection decreases and mechanical turbulence increases, atmosphere tends to 
neutral conditions [15]. Finally in absence of convective turbulence when mechanical 
turbulence is dampened and there is no vertical mixing, atmosphere is in stable 
condition [15][28]. Richardson number, Monin-Obukhov length, Pasquill-Gifford 
stability classification and Turner stability classification are some of common methods 
[15]. The Richardson number is a turbulence indicator and also an index of stability 










2 Equation 2.5 
where, 𝑔 is the gravity acceleration, (
∆Θ
∆𝑧
) is the potential temperature gradient, 𝑇 
is the temperature and 
𝑑?̅?
𝑑𝑧
 is the wind speed gradient. In this equation, 𝑔 (
∆Θ
∆𝑧
) /𝑇 is 





 , is pointer of mechanical turbulence due to 
mechanical shear forces [15].  
The other key stability parameter is the Monin-Obukhov length, 𝐿, which treats 
atmospheric stability proportional to third power of friction velocity, 𝑢∗
3 , divided by 
the surface turbulent (or sensible) heat flux from the ground surface, 𝐻𝑠. Monin-











2  Equation 2.6 
Where 𝑢∗  is friction velocity, g is the gravity acceleration, 𝐶𝑝 is the specific heat 
of air at constant pressure, 𝜌 is the air density, 𝑇 is the air temperature, and 𝑘 is von- 
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Karman constant taken to be 0.40. 𝐻𝑠 is positive in daytime and negative at night time 
[15]. 
Pasquill-Gifford method for estimating atmospheric stability, incorporating 
considerations of both mechanical and buoyant turbulence was proposed by Pasquill 
[27][31]. It is a simple method because it is easy to use and tends to give satisfactory 
results [27][32]. In this classification, it is assumed that stability in the layers near the 
ground depends on net radiation as an indication of convective turbulence and on 
wind speed at 10 m height as an indication of mechanical turbulence [27]. Net 
radiation could be determined based on insolation (incoming solar radiation) and 
cloud cover at day or night time separately and finally stability is defined as six 
categories [27]. The primary advantages of this classification are its simplicity and its 
requirement of only routinely available information from surface meteorological 
stations, such as the near-surface (10 m) wind speed, solar radiation and cloudiness 
[15] [27] [32]. 
Table 2.5: Definition of Pasquill Atmospheric Stability Categories  
Surface wind 
speed (at 10m) 
(m/s) 
Daytime isolation  Night-time conditions 
Strong Moderate Slight  >3/8 cloudinessa ≤ 3/8 cloudiness 
<2 A A-B B    
2-3 A-B B C  E F 
3-5 B B-C C  D E 
5-6 C C-D D  D D 
>6 C D D  D D 
Note: Stablity category characteristics are as follows: A: extremely unstable; B: 
moderately unstable; C: slightly unstable; D: neutralb; E: slightly stable; F: moderately 
stable. 
a The degree of cloudiness is defined as that fraction of the sky above the local 
apparent horizon that is covered by clouds. 
b Applicable to heavily overcast day or night conditions 
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The Pasquill–Turner Method, which is employed in this study, is based upon the 
work of Pasquill, that has been revised by Turner [33] by introducing incoming solar 
radiation in terms of solar elevation angle, cloud amount and cloud height [27]. It 
classifies atmospheric stability with seven distinguishable categories [27][28][29][32]. 
The importance of this method lies in the relation of atmospheric dispersion 
coefficients and classified stability for mechanically and thermally generated 
boundary-layer turbulence [27][28][29][32]. Also, Pasquill Turner Method has been 
made completely objective so that an electronic computer can be used to compute 
stability [27]. Table 2.6 shows the atmospheric stability classification using mentioned 
schemes [27]. 
Table 2.6: Interpretation of four different atmospheric stability schemes  







Ri < -0.04 
-100 < L <0 A 1 
Unstable 
-105 ≤ L ≤ -100 
B 2 
Slightly unstable -0.03 < Ri <0 C 3 
Neutral Ri = 0 |L| > 105 D 4 
Slightly stable 0 < Ri <0.25 





Extremely stable 0 < L < 10  7 
Turner’s Stability Classification : As mentioned in previous section, Pasquill used 
meteorological data from surface stations for the characterization of atmospheric 
stability and derived six stability classes from A for extremely unstable to F for 
extremely stable conditions [27][34]. Turner improved this scheme by introducing Net 
Radiation Index (NRI) as indicator of insolation [27]. This produced a new version of 
Pasquill’s algorithm in which radiation is categorized into classes related to solar 
altitude, cloud cover and cloud height [27][33].  
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Net Radiation Index (NRI) 
4 3 2 1 0 -1 -2 
0-1 1 1 2 3 4 6 7 
2-3 1 2 2 3 4 6 7 
4-5 1 2 3 4 4 5 6 
6 2 2 3 4 4 5 6 
7 2 2 3 4 4 4 5 
8-9 2 3 3 4 4 4 5 
10 3 3 4 4 4 4 5 
11 3 3 4 4 4 4 4 
≥12 3 4 4 4 4 4 4 
 
2.2.1.4 Averaging Time 
The continuous plume equation above defines the concentration of an atmospheric 
contaminant at a given point in space over some period of time [15]. As this time 
period increases, very high and low values of the pollutant concentration are not seen, 
and the standard deviations of the pollutant concentration within the plume tend to 
increase [15][35]. This phenomenon can be seen when just viewing the smoke plume 
(a snap shot vs. a time exposure) and is illustrated in figure 3.18 [15]. As a result, the 
averaging times of the field measurements from which the Gaussian plume model 
diffusion parameters 𝜎𝑦 and 𝜎𝑧 are derived are an important consideration [15]. For 
example, the standard Pasquill-Gifford values for 𝜎𝑦 and 𝜎𝑧 are associated with a 
sampling time of 10 min [15]. Other sets of diffusion parameters are based on 
averaging times as long as 1 h [15][36]. 
One factor to be considered in selecting a set of diffusion parameters for a given 
application is to select a set with an averaging time as close to the desired prediction 
time as possible [15]. If this cannot be done, Gifford [37] suggests the following 
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  Equation 2.7 
where 
𝜎𝑦1=standard deviation for sample time case 1 
𝜎𝑦2=standard deviation for sample time case 2 
𝑇𝑠1=sample time for case 1 
𝑇𝑠2=sample time for case 2 
q =an empirical constant in the range of 0.25 to 0.3 for 1 h< 𝑇𝑠1  <100 h and is 
approximately 0.2 for 3 min<𝑇𝑠1<1h 
The Pasquill-Gifford curves of 𝜎𝑦 as a function of distance downwind and 
stability category were determined using sampling times of about 10 min [15]. Thus, 
𝜎𝑦 for a sampling time of h equals 60.2 or 1.43 times the 𝜎𝑦 for 10 min [15][35] 
2.2.1.5 Mixing Height 
Often, especially in the presence of strong thermal turbulence, the top of the 
atmospheric boundary layer may be well defined by the presence of a stable layer 
(also known as a capping temperature inversion) [15][38]. Turbulent motions, and the 
contaminants they may be transporting, have difficulty penetrating into this layer[15]. 
This condition results in the contaminants being effectively trapped between the 
ground surface and the top of the atmospheric boundary layer (ABL) [15]. Because 
turbulent diffusion and the mixing of air with the contaminant plume are restricted, 
the distance from the surface to the top of the ABL may be called the mixing height (or 
depth) [15]. 
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Mixing heights are quite variable. Under unstable conditions the mixing height 
may be as high as 2,000 m or more [15]. Under stable conditions the mixing height 
may be 100 m or less and extremely difficult to define [15][38]. At a given location, the 
mixing height changes diurnally, generally being highest in mid-afternoon and lowest 
at night [15]. There is also wide spatial variation in mixing heights [15][39]. Mixing-
height information for some specific locations in the United States, where data are 
taken twice per day, can be obtained from the National Weather Service [15]. However, 
site-specific mixing-height information is difficult to obtain without upper air 
monitoring equipment at the location of interest [15][40]. Mixing height information 
can be determined from an analysis of temperatures as a function of height, from 
acoustic sounders, from Doppler radars, and from lidars (a special laser) [15]. To 
follow the diurnal evolution of the ABL, you need measurements as a function of time 
throughout the day [15]. 
The height of the mixing layer can be calculated using complicated formulas and 
depends on the atmospheric stability category [20]. Alternatively, the values 
suggested in in the below table can be used: 
Table 2.8: Height of mixing height for different atmospheric stability categories 









2.2.2 Modelling of Atmospheric Transport 
2.2.2.1 Gaussian Model 
Gaussian diffusion models arise from the analytical solution to the three-dimensional 
conduction equation [15]. The difference in fluxes into and out of an elemental cube is 
equal to the change in the content of the cube with time [15]. This works well for 
molecular processes (e.g., conduction of heat in metal) because thermal conductivity is 
constant everywhere in the metal [15]. The case of a constant conductivity or 
diffusivity is often called Fickian diffusion [15]. There are limitations to this concept 
when applied to atmospheric diffusion because molecular processes are small 
compared to turbulent transfer processes, and the effective turbulent eddy diffusivity 
is not invariant with space or time [15]. In any case, with suitable time averaging, the 
analytical solutions do give Gaussian-shaped solutions and mass is conserved [15]. 
Despite their theoretical limitations, the simple Gaussian models for atmospheric 
diffusion have not been discarded, primarily because they produce results that often 
agree fairly well with measured experimental data and because their results are 
obtained quickly [15]. Gaussian models yield solutions where the concentrations of 
material released into the atmosphere are described by the Gaussian distribution in all 
three directions (along-wind direction [x], crosswind direction [y], and vertical 
direction [z]) [15]. Solutions can be obtained for many different scenarios depending 
on the initial and boundary conditions [15]. A few useful solutions for atmospheric 
problems are given in the next few sections [15].  
Instantaneous Point Source   
The solution for an instantaneously generated point source in the free (away 
















)]  Equation 2.8 
where 
χ = air concentration of the contaminant as a function of x, y, z, and t 
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Q = total amount of contaminant released 
𝐾𝑥, 𝐾𝑦, and 𝐾𝑧 =eddy diffusivities in the x-, y-, and z-directions, respectively, 
which are assumed to be equal and constant for the Gaussian solution [15] 
In the case of Fickian diffusion (necessary for the Gaussian solution), we have  
 𝜎2 = 2𝐾𝑡 Equation 2.9 
Where σ is the standard deviation of the Gaussian distribution [15]. This form 
would be true for each orientation [15]. For a perfect sphere, x, y, and z can be 
replaced by the radius of the sphere, r, and the σ in the x-, y-, and z-directions by σr in 
the Gaussian distribution [15]. Thus, the new equation form for the instantaneous 










2)]  Equation 2.10 
Continuous Point Source  
The solution for a continuous point source located far from any boundary is 
obtained by integrating the point source solution along the x-axis [15]. The 
concentrations are only a function of y and z at different locations along the x-axis. The 
solution then is given in equation 2.8 using the Fickian relationships between the eddy 














2)]  Equation 2.11 
where 
u = wind speed in the x- direction 
Q’ = amount of contaminant released per unit time 
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When the continuous point source is on the ground, the ground surface is 
assumed to act as a perfect reflector [15]. To maintain mass continuity, the right-hand 
side of Equation 2.11 is then multiplied by 2 [15]. 
Continuous Point Source Release from a Stack  
When material is released from an elevated source (i.e., a stack), the resulting plume 
will spread downward until it eventually encounters the ground [15]. When this 
happens, it is assumed that the plume is reflected and dispersed back up into the air 
[15]. This system is illustrated in figure 2.4. The equation for the Gaussian model 
under these conditions is given by Giffor  [15][41]. It is the same as for the continuous 
point source far from any boundary presented above (equation 2.11); however, the 















2 )]  Equation 2.12 
Where ℎ𝑝 is the effective release height of the plume  [15] 
Reflection by the ground is equivalent to a virtual source located at a distance ℎ𝑝 

























2 ])} Equation 2.13 
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Figure 2.4: The Gaussian Plume model shape for continuous point source 
2.2.2.2 Puff-Trajectory Model 
Wind velocity is seldom constant in time or space in the real atmosphere [15]. One of 
the basic practical limitations of the straight-line Gaussian plume model is that it 
cannot simulate such varying conditions [15]. The sequential Gaussian puff trajectory 
model is popular because it can reflect variations in wind velocity. In such a model, a 
continuous plume is approximated by a series of puffs released in succession [15]. 
This is illustrated in figure 2.5. 
The two fundamental assumptions associated with any sequential puff model  
[15][42] are that (1) a plume may be represented by a sequence of puffs and (2) puff 
movement can be considered separately from puff diffusion [15]. The air 
concentration at any given point in time and space over the assessment domain (x, y, z, 
t) is assumed to be equal to the sum of the concentrations from all of the puffs at that 
location  [15][42].This can be represented by the following equation: 
 χ(x, y, z, t) = ∑ χ𝑖(𝑥, 𝑦, 𝑧, 𝑡)
𝑁
𝑖=1   Equation 2.14 
where 
i =puff number 
N=total number of puffs 
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Figure 2.5: Simulation of a plume composed of a series of puffs 
The concentration of material within each individual puff is assumed to be 
Gaussian in shape [15]. Furthermore, each puff is assumed to be symmetrical in the 
horizontal plane, so 𝜎𝑟  is used to specify the distribution in both the downwind (x) and 
crosswind (y) directions [15]. The concentration distributions are expressed in terms 
of the radial distance, r, between the center of the puff and the location for which the 
calculation is being made [15]. This is true also for the puff discussion above under 
“Puff Diffusion” [15]. Assuming total reflection of the puffs from the ground and the 
top of the ABL (ℎ𝐿), the concentration at location x, y, z at time t due to puff i is given 
by Ramsdell [15][42] as 












2)]} 𝐺(𝑧)  Equation 2.15 
where 
Q(t)=material in the puff at time t 
𝑟2 = (𝑥 − 𝑥0)
2 + (𝑦 − 𝑦0)
2, where x and y are the horizontal location of the 
receptor of interest andx0andy0are the horizontal location of the puff center [15]. 
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When the material may be assumed to be uniformly distributed within the ABL 




  Equation 2.16 




  Equation 2.17 
2.3 Offsite Dose Assessment through Different Exposure 
Pathways 
2.3.1 Exposure pathways 
Each of the different routes, or pathways, by which people can be exposed to radiation 
result in exposure to different parts of the body[43]. Health physicists must analyze 
the potential for and effects of exposure via each of the three basic pathways, 
inhalation, ingestion, and direct exposure, when calculating exposures or estimating 
the effects of exposures [43]. 
 Inhalation 
 Ingestion 
 Direct (External) exposure 
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Figure 2.6: The principal exposure pathways 
2.3.2 Inhalation pathway 
Exposure by the inhalation pathway occurs when people breathe radioactive materials 
into the lungs [43]. The chief concerns are radioactively contaminated dust, smoke, or 
gaseous radionuclides such as radon [43]. 
Radioactive particles can lodge in the lungs and remain for a long time. As long as 
it remains and continues to decay, the exposure continues[43]. For radionuclides that 
decay slowly, the exposure continues over a very long time [43]. 
Inhalation is of most concern for radionuclides that are alpha or beta particle 
emitters [43]. 
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Alpha and beta particles can transfer large amounts of energy to surrounding 
tissue, damaging DNA or other cellular material [43]. This damage can eventually lead 
to cancer or other diseases and mutations [43]. 
EPA first determines the risk for inhalation from various sources of 
radionuclides and then determines protective emission limits [43]. In estimating the 
risk and effects of exposure for a given situation, EPA's health physicists consider 
several factors [43]: 
 potential for soil to be disturbed and suspended into the air [43] 
 potential for radon generation [43] 
 presence of other volatile radionuclides (e.g., tritium, carbon-14) [43] 
 industrial processes, such as incineration, that could release radionuclides to 
the air or generate residues, such as ash [43] 
 potential for mishandling radioactive material [43] 
2.3.3 Ingestion pathway 
Exposure by the ingestion pathway occurs when someone swallows radioactive 
materials [43]. Alpha and beta emitting radionuclides are of most concern for ingested 
radioactive materials. They release large amounts of energy directly to tissue, causing 
DNA and other cell damage [43]. 
Ingested radionuclides can expose the entire digestive system [43]. Some 
radionuclides can also be absorbed and expose the kidneys and other organs, as well 
as the bones [43]. Radionuclides that are eliminated by the body fairly quickly are of 
limited concern. These radionuclides have a short biological half-life [43]. 
EPA first considers the potential for radionuclides from various sources to enter 
water, the food chain, or get into peoples' mouths in day to day activities [43]. We also 
look at the percentage of peoples' diet foods and drinks that comes from radioactive 
sources [43]. Factors that can lead to ingestion include the following [43]: 
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 radioactively contaminated drinking water, for example, polluted ground water 
[43] 
 working closely with radioactively contaminated soil, for example farming [43] 
 locally grown food plants that take up certain soil radioactivity [43] 
 use of radioactively contaminated water to irrigate crops [43] 
 local livestock operations, when radionuclides that accumulate in animal tissue 
are present [43] 
 consumption of fish with radioactivity from local bodies of water [43] 
 people bathing, swimming, or otherwise using radioactive water sources [43] 
EPA then takes appropriate measures to reduce the potential for exposure 
through ingestion of radioactivity [43]. The measures often include setting limits on 
emissions from a source, radioactive contaminant levels in water resources, 
consumption of radioactivity from locally grown food [43]. 
2.3.4 External exposure pathway 
The third pathway of concern is direct or external exposure from radioactive material. 
The concern about exposure to different kinds of radiation varies [43]: 
 Limited concern about alpha particles. They cannot penetrate the outer layer of 
skin, but if you have any open wounds you may be at risk. [43] 
 Greater concern about beta particles. They can burn the skin in some cases, or 
damage eyes. [43] 
 Greatest concern is about gamma radiation. Different radionuclides emit 
gamma rays of different strength, but gamma rays can travel long distances 
and penetrate entirely through the body. [43] 
Gamma rays can be slowed by dense material (shielding), such as lead, and can 
be stopped if the material is thick enough [43]. Examples of shielding are containers; 
protective clothing, such as a lead apron; and soil covering buried radioactive 
materials [43]. 
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We rely on the fundamental radiation protection principles of time, distance, and 
shielding to protect people who work directly with radioactive materials [43]. In 
assessing potential direct exposure, we ask three basic questions [43]: 
 How long is the person exposed (time)? [43] 
 How close is the person to the source of exposure (distance)? [43] 
 Is there something between the person and the source of exposure that can 
absorb some of the radiation (shielding)? [43] 
The amount of exposure also depends on how the source is arranged [43]. For 





Chapter 3.  
RESEARCH SITE 
CHARACTERISTICS 
3.1 Overview of Vietnam Nuclear Power Plant Program 
Vietnam is a developing country in southeast Asia of 93 million people. Since 1986, it 
has been modernizing its once centrally planned economy and has achieved a gross 
domestic product of $326 billion [44]. To power this economic growth, Vietnam 
generates 117,000 GWh of electricity annually from natural gas, coal, and 
hydroelectric power [44]. To meet soaring power demand from its expanding 
manufacturing sector and growing population, Vietnam plans to develop up to 10 
nuclear power plants by 2030 [44]. 
The Vietnamese government has stated that the country’s strong economic 
growth will be jeopardized without diversification of energy sources [44]. Driven by a 
growing population and expanding industrial base, annual electricity demand has 
grown an average 13 percent over the past decade [45]. Annual demand growth is 
expected to increase to 15 percent by 2015 [45][46]. Vietnam has struggled to keep 
pace, falling short of its electricity needs by 3 percent in each year since 2006, 
requiring it to import energy [44]. Vietnam relies on hydropower for 38 percent of its 
electricity generation, but this capacity is limited during the dry season and most of 
the country’s hydroelectric potential has been developed [44]. Natural gas fuels 
another 32 percent of Vietnam’s generation, but domestic gas production has leveled 
off [44]. Coal is responsible for 20 percent of generation and it must be imported [47].  
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Until now, no renewable power source has large capacity and stable capacity 
enough to be able to respond to national industry-scale. Wind and solar power are the 
most noticeable, but they are difficult to meet the requirement of power for industry 
sector. The investments in wind power and solar power are still very high. Therefore, 
renewable energy source is just suitable for low developing areas, far away the 
industrial area that the national grid is difficult to reach to. 
The main power generation sources that we use now are become already fully 
developed. System Son La, Lai Chau dam is the final largest hydroelectric project that 
is operating from 2014. Vietnam hydropower resources now just have small 
hydropower resources. Exploitation of coal reserves and economic efficiency is a big 
question, while optimistic forecasts that can be exploited for more than 50 years, but 
the pessimism is not to exceed 20 years. According to the plan of the Coal Mining in the 
years 2021-2030, coal mining will to the limit, only approximately 27 million tons per 
year, 4 times lower than the demand for electricity production. Moreover, safety-
ecological environment is a big issue. The large greenhouse gas emission is from coal 
electric generation. Nuclear energy can provide Vietnam with enhanced energy 
security, reduced reliance on imported fossil fuels and a clean and reliable source of 
base load power [44]. 
There are 8 NPP candidate sites (figure 3.1). Based on IAEA guideline for site 
selection, Vietnam has been co-operated with Japan for site selection. The major 
criteria are grouped into 5 subgroups [48]: 
1. Energy policy and long-term plan for energy 
2. Technical aspect relating to safety 
3. Construction cost 
4. Public acceptance 
5. Other problems (environment, tourism…) 
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Figure 3.1: The nuclear power plant candidate sites 
Ranking the adaptable level of NPP candidate sites for each criterion, Phuoc Dinh 
and Vinh Hai sites have the highest mark [48]. Phuoc Dinh (Ninh Thuan 1 NPP) and 
Vinh Hai (Ninh Thuan 2 NPP) sites meet fully all compulsory requirements for 
construction NPP [48]. They have enough space for NPP constructing. They have good 
topography and bedrock [48]. Ninh Thuan has a transport system supporting for 
heavy equipment. Moreover, Phuoc Dinh and Vinh Hai sites have low population 
density [48]. 
Vietnam approved a legal and regulatory framework for its nuclear energy 
program in 2008 with its Atomic Energy Law [49][50]. The measure established the 
Vietnam Agency for Radiation and Nuclear Safety and Control and the Vietnam Atomic 
Energy Institute—both under the Ministry of Science and Technology—as the two 
main agencies responsible for nuclear safety and security [49][50]. Vietnam conducted 
a self-assessment of its nuclear infrastructure in 2008 and, in 2009, asked the 
International Atomic Energy Agency (IAEA) to conduct an Integrated Nuclear 
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Infrastructure Review (INIR) mission [49][50]. Based on INIR’s recommendations, 
Vietnam took numerous steps to improve human resources development and nuclear 
power project management [49][50]. One such step was the establishment of the 
Vietnam Atomic Energy Agency to oversee research, development and project 
management [49][50]  
 
Figure 3.2: Ninh Thuan nuclear power plant sites 
Vietnam’s first four nuclear energy facilities will generate at least 1,000 
megawatts each and are planned at two coastal sites in the southern province of Ninh 
Thuan. Technology selection and safety precautions led Vietnam officials to delay the 
construction of these plants by four years [51]. Construction of the first plant will 
begin in 2017-2018 and it is expected to begin commercial operation in 2023; the 
schedule for the second plant will follow the first by one year [51]. An additional six 
plants of similar capacity are planned, including two additional plants at each of the 
Ninh Thuan sites, and two plants in a central province that Vietnam has not yet 
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identified. Vietnam expects total nuclear generating capacity to surpass 10,000 
megawatts by 2030 [51]. 
The Project Management Board is carrying out the tendering process for 
selection of contractors for electrical supply and water supply serving for construction 
[52]. 
- To 2015: Participation of domestic industry: planning, construction, 
mechanisms and policies to promote and prepare for the capacity of domestic 
industries to participate in supplying materials, equipment, construction, 
installation, project management, supervision and quality control of nuclear 
power plants [52]. 
- To 2020: Participation of domestic industry: To organize the domestic industry 
engaged in supplying materials, equipment, construction, installation, 
transportation over weight and over size equipment with the contract value 
from 20% to 30% of total construction value [52]. 
- To 2030: Participation of domestic industry: the domestic industry to 
participate in the construction of nuclear power plants with the contract value 
from 30% to 40% of the total construction value [52] 
Table 3.1: Plan construction Ninh Thuan 1 and 2 nuclear power plant 




Ninh Thuan 1-1 VVER-1000/428 2014 2017 or 2018 
Ninh Thuan 1-2 VVER-1000/428 2015 2018 or 2019 
Ninh Thuan 1-3 VVER-1000 
  
Ninh Thuan 1-4 VVER-1000 
  
Vinh Hai 
Ninh Thuan 2-1 Japanese Gen III Dec-15 Delayed 
Ninh Thuan 2-2 Japanese Gen III 2016 Delayed 
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Ninh Thuan 2-3 Japanese Gen III  
  
Ninh Thuan 2-4 Japanese Gen III  
  
 
3.2 Demographic and Geography Characteristics of Ninh 
Thuan 
Ninh Thuan, located in the southern part of Vietnam central coastal region, is about 
1,350 km far from the capital Hanoi and 300 km from Ho Chi Minh City - the biggest 
city of Vietnam (Figure 3.2) [53]. The province has total natural surface of 3,360 km2 
and population of 86,000 people (in 2009) and is divided into seven administrative 
units including one city and six districts [53]. In comparison with other provinces in 
Vietnam, Ninh Thuan located in the low population density area which is about 169 
people/km2, while the average one for the whole country, for the capital Hanoi and Ho 
Chi Minh City are 259, 1926, 3420 people/km2 respectively [54].  
 
Figure 3.3: Vietnam population density in 2010 
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Ninh Thuan's topography is typical for the South Central Coast in that high 
mountains are located not only near western border to the Central Highlands, but also 
near the coast, the highest of which is Chua mountain at 1040m in the north-east of 
the province [55]. Several other peaks with heights up to 643m (Da Bac Mountain in 
the south) are located along the coast [55]. The highest mountains are located at the 
borders to Khanh Hoa Province and Lam Dong Province, with three mountains of over 
1600 and the highest at 1652m (Suong Mu Mountain) [55]. Only a small part of the 
province around Phan Rang City has elevations of fewer than 50m [55]. 
 
Figure 3.4: Ninh Thuan’s topography 
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Take a closer look in Ninh Thuan sites, in around 10, 20, 30 km radius from NPP, 
the biggest population community is Phan Rang (160.000 people), the capital of Ninh 
Thuan province located in 20 km away from the nuclear site. Around 30 km is Cam 
Ranh (220.000 people), also another city with low population. Compare with 
Kashiwazaki, in 20 to 30 km radius from Kashiwazaki, we have Nagaoka (280.000 
people), Mitsuke (42.000 people), Uonuma (42.000 people). These are small city, with 
low population. 
 
Figure 3.5: Population Around Nuclear Power Plant Sites 
For natural characteristics, Ninh Thuan lies in the tropical monsoon zone, with 
the features of draught, heat, much wind and strong evaporation [56]. The annual 
average temperature in Ninh Thuan is around 26-270C (while the same figure for the 
whole country is 250C), annual average rainfall of 700-800 mm (the country average is 
1000 mm) and humidity around 75-77% (the country average is 80%) [56]. For these 

















Phuoc Dinh, NPP1 
Vinh Hai, NPP2 160k 
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Figure 3.6: The comparison of temperature between Ninh Thuan and other cities 
 
Figure 3.7. The comparison of precipitation between Ninh Thuan and other cities 
Recently, Ninh Thuan was approved by the government for the construction of 
the first NPPs in Vietnam. Vietnamese government has a nuclear energy program with 
the goal of building eight units of NPP in Ninh Thuan by 2030. Among these eight units, 
four units (4 x 1000MW) of the nuclear reactor forming Ninh Thuan 1 NPP site will be 
implemented with Russian partner, while the other four units (4 x 1000MW) setting 
up Ninh Thuan 2 NPP site will run under Japanese technicians cooperation. 
Ninh Thuan 2 NPP site is located in the East North of Ninh Thuan Province at the 
longitude and latitude of (11.691, 109.175). Currently, there is one meteorological 
station operated around 20 km far from Ninh Thuan 2 NPP location. Like most of the 
meteorological stations all around this country, the meteorological station in Ninh 
Thuan records 8 times a day. However, these records are only for surface parameters 








































humidity. Without mixing height and solar radiation capture capability, only surface 
meteorological data can be observed by a single site for this location.  
Despite the restrict in meteorological data from this monitoring site, an 
estimation the transport of radioactive materials to the atmosphere becomes much 
more critical and urgent than ever before for Vietnamese policy planners. The 
implementation of the long-term nuclear energy program of a new comer like Vietnam 
opens up many challenges; among these is nuclear safety. Estimating the radionuclide 
spread in the atmosphere in case of NPP accident is currently the most common and 
essential part for Vietnamese planners to facilitate preparedness and mitigation 
strategies and to propose the policies to protect the public health and safety.  
The study is an attempt to apply SWTM model for estimating the dispersion of 
radionuclides in the atmosphere for the Ninh Thuan 2 NPP site. Taking consideration 
of the current availability of meteorological data from a monitoring NPP site, the 
prediction is implemented based on the three-hourly meteorological data recorded by 
a meteorological station near Ninh Thuan 2 NPP in the fourteen-year period (1996-




Chapter 4.  
METEOROLOGICAL DATABASE  
4.1 Meteorological Database Collection 
In the radius of 20 km from two NPP sites, there is only one weather station: Ninh 
Thuan weather station.  
 
Figure 4.1: The location of Ninh Thuan surface station 
Ninh Thuan weather station is a manual surface synoptic weather station. It 
means that the measurement instrument is operated by manual process. And this 
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station collects meteorological information at synoptic hours 00h00, 03h00, 06h00, 
09h00, 12h00, 15h00, 18h00, 21h00 (UTC) (UTC – Coordinated Universal Time – is 
the basis for civil time in many places worldwide – 24-hour time standard). The 
instruments of measure are wind meter, wind vane, pressure sensor, air temperature, 
humidity, and rain-gauge. Therefore, it just collect wind speed, wind direction, 
pressure, temperature, humidity and rain level. The weather measures are formatted 
in SYNOP format and transmit to World Meteorological Organization (WMO) to help 
the weather forecast model. 
A SYNOP is a report of a surface observation from a land based station. A typical 
SYNOP will have the following format: 
AAAAA BCDEE FGGHH 1IJJJ 2KLLL 3MMMM 4NNNN 5OPPP 6QQQR 7SSSS 
8TUVW ### .....  
 AAAAA- Station's five digit identification number 
 B- Indicator for inclusion or omission of precipitation data: 
 C- Indicator for type of station operation 
 D- Height above surface of the base of the lowest cloud seen 
 EE- Horizontal visibility at the surface 
 F- Total cloud cover in OKTAS (eights) 
 GG- True direction, in tens of degrees, from which the wind is blowing 
 HH- Wind speed in meters per second 
 I- Sign of the following data 
 JJJ- Temperature in tenths of degrees Celsius 
 LLL- Dew point temperature in tenths of degrees Celsius 
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Until now, we have the three hourly meteorological data from 1996 to 2009 of 
Ninh Thuan weather station. Each three hourly meteorological data is stored in a 
separate record files. It means that there are more than 40.000 weather record files. 
The issue is how to create a meteorological database from these separate record files. 
To solve that issue, a small crawler is developed to collect and integrate all the 
weather record files. After that, SYNOPS format is used to decode the weather record 
to find out the value of each weather indicator.  
 
Figure 4.2: Meteorological database creation process 
This database just contains some basic weather indicators: 
o Wind Speed 
o Wind Direction (16) 
o Temperature 
o Rainfall 













o Cloud Cover Rate 
4.2 Meteorological Database Analysis 
Seasons are usually categorized based on the overall characteristics of the area's 
climate. For Ninh Thuan, based on the rainfall features the local resident divides one 
year round into two main seasons: the dry season and rainy season. The duration of 
these seasons is usually measured in month unit. While the dry season starts from 
December to August, the rainy season extends from September until November. 
However, this seasonal classification way helps not much for radionuclide transport 
assessment because the no clear boundary of surface meteorological features can be 
distinguishable.  
 
Figure 4.3: Wind Rose 
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This study, on the contrary, divides a whole year of Ninh Thuan into different 
seasons based on the changes in wind direction to provide clearer and more 
distinguishable boundary of seasons. The wind direction significantly effects to the 
direction of released path of emission. Therefore, based on how the wind direction is 
typically distributed during a particular period of time, the changes in direction of 
released path of radionuclide in different times in a year can be obtained. To classify 
into seasons, the statistics of the wind in the fourteen year period from 1996-2009 is 
used. Based on that, the weekly wind direction pattern in one-year average had been 
created. Our findings show that there are three different seasons measured in the 
number of weeks that are characterized Ninh Thuan meteorological features. Fig. 6 
shows that during the period from the first week of the year to week 13 and the period 
from week 40 to 52, northeast is the main wind direction. We then name this period as 
winter season as it is usually called by the indigenous people in Ninh Thuan. During 
these 26 weeks of the winter season, the frequency of time that the wind blows from a 
northeast direction account for 58.55% of the whole time period. In the total of 26 
weeks, there are at least 22 weeks having 50% of wind blowing from the northeast, 
especially the 50th week rate is even more than 74%. In contrast, the weeks from 21 to 
38 shows the major frequency of winds blowing from southwest direction. We 
categorize it as summer season. In summer season, the wind blows mainly from the 
southwest direction with the average percentage of 55.05%. More precisely, the 
middle period of summer season, from week 30 to 33, experiences the highest 
frequency of southwest wind around 72% in average. Another period with different 
features of wind direction starts from week 14 to week 20. During this period, instead 
of one consistent direction, four main winds blow from southeast, northeast, east and 
north direction with an average frequency of 32.09%, 26.84%, 13.33% and 7% 
respectively. As no particular wind direction is dominant for this length of time, we 
therefore differentiate it as one separated period representing the transition from 
winter to summer. It is, in short, called as the season transition. 
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Chapter 5.  
SIMPLIFIED WIND TRANSPORT 
MODEL 
5.1 Modelling Radionuclide Transport 
The plume of radionuclide released in the atmosphere can be separated as a series of 
puffs. Each puff is transported in downwind path. Along this path, it expands 
horizontally and vertically by dispersion process. The basic purpose of any 
atmospheric dispersion model is to describe the material released to the atmosphere 
from a particular source through these two fundamental processes: transport and 
dispersion. The transport simulation answers the question where does the 
radionuclide material go and when does it arrive to a particular location? Meanwhile, 
the dispersion simulation estimates how does radionuclide material expand or remove 
during transport process. Our proposed SWTM model, is constructed to provide these 
two basic transport and dispersion estimates. 
5.1.1 Transport Estimation 
The transport estimates of SWTM provide a prediction of the released path of 
radioactive materials from a point source of release (e.g. exhaust stack of a nuclear 
reactor). The wind carries the radionuclide downwind from the source. This spreading 
of emission downwind is called a plume. The plume, in turn, is separated as a series of 
puffs. SWTM simulates the released path taken by these puffs based on the hourly 
surface wind speed and wind direction over the domain.  
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For an exhaust stack or other point source that releases radionuclides, given 𝑆 is the 
starting position of the 𝑖𝑡ℎ puff at time t, S’ is the new position of 𝑖𝑡ℎ puff after 𝛥𝑡 time 
of transport. The wind is a vector quantity having a speed V and direction θ. The 
updated position of 𝑖𝑡ℎ puff from time 𝑡 to time 𝑡 +  𝛥𝑡 is represented by the vector ?⃗?  
where 𝑃 is the magnitude and 𝑃𝑎𝑛𝑔𝑙𝑒 is the angle defined as following: 
 {
𝑃 = 𝑆𝑆′ = 𝑉 × ∆𝑡
𝑃𝑎𝑛𝑔𝑙𝑒 = 𝜃
   Equation 5.1 
As can be seen from the equation 5.1, the transport path of the puff depends on 
the wind vector and time. The distance between the starting position 𝑆 and the new 
position 𝑆′ is the multiply of wind speed V and the transport duration 𝛥𝑡. The 
direction of 𝑖𝑡ℎ puff transport is the wind direction θ. By that way, SWTM provides the 
transport estimation that is a time dependent formulation of wind speed and direction. 
It simulates the effects of time- and space-varying wind conditions on radionuclide 
transport. For such circumstance, SWTM can be considered as a model developed to 
estimate the behaviour of radionuclide released into the atmosphere under the 
unsteady-state condition of the wind. 
Although a wind vector can occur in three dimensions (east-west, north-south, 
and up-down), it is common only to consider the horizontal components of the wind 
(i.e. east-west and north-south) which represent the surface layer. Every 𝑖𝑡ℎ puff is 
then projected its positions during transport process into the surface layer to figure 
out the release path of released radionuclides. Let Cartesian coordinate system (𝑥, 𝑦) 
is a flat surface layer that has two dimensions 𝑥 and 𝑦. Axis 𝑥 is defined from west to 
east. Axis 𝑦 is south to north. Wind direction is the direction from which the wind 
comes. In the (𝑥, 𝑦) system, the angle of east wind vector is 0 degrees, and that of 
north wind vector is 90 degrees.  
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Figure 5.1. Coordinate system of the surface layer 
By projecting into the coordinate system (𝑥, 𝑦), the 𝑖𝑡ℎ puff’s position will move 
from 𝑆(𝑥𝑖(𝑡), 𝑦𝑖(𝑡)) to 𝑆
′(𝑥𝑖(𝑡+𝛥𝑡), 𝑦𝑖(𝑡+𝛥𝑡)) after the duration of release 𝛥𝑡 under the 
wind vector (𝑉, 𝜃). The new position of 𝑖𝑡ℎ puff depends on wind condition (𝑉, 𝜃) and 
released duration 𝛥𝑡, and is defined as: 
 {
𝑥𝑖(𝑡+𝛥𝑡) = 𝑉 × ∆𝑡 × 𝑐𝑜𝑠𝜃 + 𝑥𝑖(𝑡)
𝑦𝑖(𝑡+𝛥𝑡) = 𝑉 × ∆𝑡 × 𝑠𝑖𝑛𝜃 + 𝑦𝑖(𝑡)
 Equation 5.2 
The figure 5.2 shows the released path in the Cartesian coordinate system (x, y) 
after a continuous released duration. After ∆𝑡1 time of release, under the wind vector 
(𝑉1, 𝜃1), the path of radionuclide is represented by the vector 𝑃1⃗⃗  ⃗(𝑉1 × ∆𝑡1, 𝜃1). For the 
next released period with the released duration ∆𝑡2 and wind vector (𝑉2, 𝜃2), the path 
of radionuclide is extended to a new position defined by vector 𝑃2⃗⃗⃗⃗ (𝑉2 × ∆𝑡2, 𝜃2). 
Continuously, after one more step of ∆𝑡3 release duration, the path of radionuclide is 
reached to a further position drawn by vector 𝑃3⃗⃗⃗⃗ (𝑉3 × ∆𝑡3, 𝜃3). Generally, 𝑃1⃗⃗  ⃗, 𝑃2⃗⃗⃗⃗ ,…, 𝑃𝑛⃗⃗  ⃗ 
all together shape the transport path of the released radionuclide in the atmosphere 
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Figure 5.2. The released path of radionuclide after 𝛥𝑡1 + 𝛥𝑡2 + …+ 𝛥𝑡𝑛 time of 
period 
By that way, projecting the centerline of the plume on the surface is created by 
connecting the transport vectors of a series of puffs. The maximum concentration of 
the plume exists at this centerline. By determining this centerline, the SWTM can 
provide the transport path of the greatest concentrations of radionuclide plume in the 
atmosphere. 
However, the transport path of radionuclide depends not only on wind vector 
and time but also on the emission rate of radionuclide per time. Based on the emission 
rate, three type of emission source can be categorized. The first one is the case where 
the emissions of radionuclide in mass per time are taking place continuously and the 



















continuous emission. The figure 5.3.a shows the imaginary centerline of the plume in 
case of continuous emission source. In this case, the centerline is the continuous line 
from the source to receptor. In contrast, the second type of emission is instantaneous 
emission source, in that, the mass releases in discontinuity way. The figure 5.3.b 
represents the transport path that goes through the center point of puffs of 
instantaneous emission source. The third type is the specific case of emission rate. 
This is the case that the radionuclide material is just only released to the environment 
in a very short period. Therefore, the shape of the centerline plume becomes a single 
point. The figure 5.3.c shows the position of that point at the final stage of the 
transport process.  
    
 (a.) (b) (c) 
Figure 5.3. The shape of the centerline of the radionuclide plume 
5.1.2 Dispersion Estimates 
While transport estimates are used to determine the centerline of the plume where 
the greatest concentrations of radionuclides occur, these estimates yet provide no 
information about how pollutant concentrations vary from this centerline. As the 
plume travels, it not only spreads along the transport path but also disperses 
horizontally and vertically. Dispersion estimates must be implemented in order to 
describe the distribution of radionuclide concentration away from the centerline at a 








Dispersion estimates are determined by using distribution equations. The 
Gaussian distribution equation is the most commonly used. For this study, the 
dispersion in horizontal (x direction) and vertical (y direction) are assumed to take 
the form of Gaussian distributions about the centreline. Therefore, the concentration 
of radioactive materials within each individual puff i at the time t in the surface layer 
(x, y) is assumed to be Gaussian in shape and is given by Ramsdell [42] as: 








  Equation 5.3 
While 𝜒𝑖  is the ground-level air radionuclide concentration of ith puff in mass per 
volume, Q is the radionuclide emission rate in mass per time. The effective height of 
the plume H is the vertical distance from the centerline of the plume to the surface. It 
is the sum of the physical stack height (hs) and the distance from point source of 
release in the stack to the imaginary centerline of the plume (Δh) which is also called 
as plume rise. The condition of the atmosphere, including the winds and temperature 
profile along the path of the plume, will largely determine the plume rise. However, 
the atmosphere temperature is changing according to the height above the surface. 
Moreover, the temperature of released pollutant from the stack source is not constant 
during the release period. Therefore, the plume rise and then, the effective height are 
in fact variable in time and space. To simplify the complexity of calculation, the study 
assumed the effective height is a constant value in time and space and is defined as 
1000 meters. 
Moreover,  𝜒𝑖  is also depending on the distance r between receptor and the 
center point of the puff. r is calculated by the equation: r = √(𝑥 − 𝑥0)
2 + (𝑦 − 𝑦0)
2, 
where (x, y) is the coordinate location of receptor, (𝑥0, 𝑦0) is the coordinate location of 
center point of puff. 
The Gaussian distribution determines the size of the plume downwind from the 
source. The plume size is dependent on the stability of the atmosphere. σr is the 
standard deviation from normal on the Gaussian distribution curve in the coordinate 
system around the center point of puff. σ value varies depending on the atmospheric 
stability, wind speed and distance downwind from the source. However, in the case 
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that meteorological data records of some atmospheric stability parameter is inefficient, 
the similarity theory can be replaced to calculate the σ value. For that theory, it is 
assumed that the standard deviation of the Gaussian distribution is the function of 
eddy diffusion coefficient K and the transport time t: 
 σ =  √2Kt  Equation 5.4 
The similarity theory [15] assumed that the eddy diffusion coefficient K is 
constant in time and space. In the situation where the distance from the source to the 
receptor is around 1000km or the travel time of radionuclide is in a few days, 
Crawford [15][25] found that the eddy diffusion coefficient K is about 106m2s-1. If the 
travel time of radionuclide is during 1 day (i.e. 24 hours), K value is about 103m2s-1. 
However, for just a few hour of travel, the K value is assumed to be at 102m2s-1 
[15][25]. 
Table 5.1: Comparison of puff and plume diffusion 
 Short times Long times 
Puff σ ∞ t (very short t) σ ∞ t1/2 
 σ ∞ t3/2 (intermediate t)  
Plume σ ∞ t σ ∞ t1/2 
 
Whenever the concentration of radioactive materials within each individual puff 
 𝜒𝑖(𝑥, 𝑦, 𝑡) can be defined, the radionuclide concentration at any given point in the 
space and time over the overall assessment domain is assumed to be equal to the sum 
of the concentrations from all of these puffs at that location [42]. This can be 
represented by the following equation: 
 𝜒(𝑥, 𝑦, 𝑡) = ∑ 𝜒𝑖(𝑥, 𝑦, 𝑡)
𝑁
𝑖=1   Equation 5.5 
Where 
 𝜒 Ground-level air radionuclide concentration at location (x, y) 
i Puff number 
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   N Total number of puffs 
By that way, dispersion estimates can be provided to determine radionuclide 
concentrations at a point of interest away the imaginary centerline of the plume. 
5.2 Application for Ninh Thuan NPP Sites 
To demonstrate and verify the usefulness and validity of SWTM model, we chose Ninh 
Thuan NPP site in Vietnam to estimate the dispersion of radionuclides in the 
atmosphere in case of a hypothetical NPP accident. Despite of the lack of 
meteorological input data, the prediction of radioactive material transports and 
downwind concentrations based on the historical wind speed and direction can be 
provided with an acceptably realistic description. 
5.2.1 SWTM Simulation 
We assume a hypothetical accident at the Ninh Thuan 2 NPP site where it raises the 
necessity for the prediction of radioactive material transport in the atmosphere. 
Therefore, the simulation using the SWTM is performed to analyze the seasonality 
impact on the release of radionuclides in the atmosphere. The simulation of the of 
radionuclides transport in the atmosphere for Ninh Thuan 2 NPP site are implemented 
for a total of 32,144 meteorological conditions over an eleven year period (1996-
2006) collected from Ninh Thuan meteorological station. Furthermore, we use 
seasonality boundary conditions to produce the spatial risk maps for potential area 
affected by radionuclides. 
In the first stage, SWTM simulates the transport path of radionuclide released in 
the atmosphere. The transport estimates are functions depending on time, space and 
the wind conditions at the time of simulation. Each three-hourly condition can be 
regarded as a unique starting moment of the radioactive emission from the source 
point of exhaust stack. In total, there are around 32,000 of radionuclide transport 
paths (i.e. 11 years x 365 days x 8 times of wind record per day) at different time of 
release in the whole period of eleven years. It is assumed that the hypothetical nuclear 
accident can happen at a certain hour of a year. Therefore, all released path have the 
same probability of NPP accident happening. We integrate all of these paths and 
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convert them altogether from the three-dimensional system of the space and time into 
two-dimensional spatial map of the surface layer (Figure 5.4). Thus, this spatial map 
will represent the distribution of radionuclide released paths and the probability of 
radionuclide reaching to a given location of interest.  
 
Figure 5.4. Wind transport paths after 24 hours of transport 
The figure 5.5 shows the distribution of potential boundary area where released 
radionuclide paths can reach to after 24 hours of transport. On a total research area of 
880,000 km2, each cell element represents the area of 20 x 20 km. A cell is also colored 
by the probability of the radionuclide reaching to that cell. More precisely, the 
probability is a quantitative measurement that indicates how many release paths in 
the total number of paths finally reach together at a given place after 24 hours of 
transport. For our notation of spatial maps, the lightest pink color represents for the 
lowest probability (lower than 10-3). The darker the color of a cell represents the 
higher probability the radionuclides converge to that cell. In contrast, the area that can 
be seen safe (i.e. no radionuclide transport path can reach to it) is colored in green. 
The figures 5.5a, 5.5b, 5.5c are the spatial maps of the radionuclide transport for 
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Figure 5.5. The Spatial maps for different season periods 
As can be seen from the Figure 5.5, if a hypothetical accident happens in Ninh 
Thuan NPP site in winter season, the region that has the high risk from the release of 
radionuclides is widen from the central coast regions to some other south coast region 
of Vietnam. This region includes one municipality, Ho Chi Minh City – 300 km far away 
from the NPP site, and some others big provinces such as Khanh Hoa, Lam Dong, Binh 
Thuan, Dong Nai, Binh Duong and Ba Ria–Vung Tau Province. This region nowadays is 
one of the most economically developed regions in Vietnam. This region is also the 
highest urbanized with more than 50% people living in urban area (while the same 
figure for Vietnam is just 25%) [15]. However, the case for summer season shows the 
high density of radionuclides spreading to the northeast area from the NPP site which 
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is mainly on the sea side. Thus, the mainland of Vietnam has the lower risk from the 
effects of released radioactive materials. However, the area in a circle of radius 60 km 
from the NPP site (i.e. 3 cells of 20 km) is still affected by a high probability of 
radionuclide spreading. For the season transition period, the radionuclide is mainly 
distributed nearby the NPP site. The color of the cells within this effected area is also 
lighter, meaning that lower probability of radionuclide expanding farther.  
Table 5.2: The total colored area at different season 
Unit (1000 km2)               
Season Transition Period  745.6 65.2 27.2 18 12.4 7.2 4.4 
Summer Season  712.4 92.8 20.4 21.2 22 7.2 4 
Winter Season  658 135.2 25.2 28.4 21.2 11.2 0.8 
The entire year period  560.4 208 46.4 38.4 22.8 3.2 0.8 
 
To sum up, the winter season is the time when radionuclides can affect a wide 
area with the higher probability of expanding. Especially, the affected area also plays 
the critical role of on the national scene economically or politically. 
In the second stage, the dispersion of radionuclides in the atmosphere is 
simulated in order to describe the radionuclide ground-surface concentration in the 
form of Gaussian distributions for the domain of interest. A continuous point source 
term of released radionuclides from the Ninh Thuan NPP site is assumed to remain at 
the speed of one mass per second. The mixing height is 1000m above the ground 
surface. It is also assumed that there is no precipitation interaction with debris either 
in deposition process on the ground or in the case of increased turbulence due to 
convective activity. Because this is the simulation of 24 hour radionuclide dispersion, 
the eddy diffusion coefficient K for calculating the standard deviation of the Gaussian 
distribution is assumed to remain at 103m3s-1 [15]. 
Based on these assumptions, the concentration of radioactive materials in the 
surface layer within each individual puff 𝜒𝑖 can be derived. In general, the radionuclide 
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concentration at a given point of interest away the imaginary centerline of the plume 
and at a given time can be calculated by total sum of the concentrations of puffs. The 
figure 5.6 shows the ground surface concentration in the centerline of radionuclide 
transport path by the hour time of transport.  
 
Figure 5.6: The concentration of radionuclide at the ground 
The dispersion estimation is carried out for three different periods of season, 
winter, season transition and summer. Especially, we use our dispersion estimates 
results for the cases of 6-hours, 12-hour sand 24-hours after the release from the 
exhaust stack to figure out the boundary lines of radionuclide concentration around 
Ninh Thuan NPP site by the time. The red line, the blue line and the yellow line shown 
in figure 5.7 are respectively the boundary lines of the radionuclide concentration in 
the surface layer after 6-hours, 12-hours and 24-hours of radionuclide transport from 
the release source of NPP site. These boundaries are created by the value of 1.33x10-8 
mass of radionuclide concentration for the red line, 0.663x10-8 for the blue line and 
0.332x10-8 for the yellow line. 
Different results of radionuclide distribution can be seen for different seasons 
occurred NPP accident scenario. However, an important remark from the observation 
of radionuclide concentration is for the winter season case. The boundary lines for 
winter depict that the affected areas are wider and cover a wide range of mainland of 




































































Figure 5.7. The boundary of radionuclide transport distribution 
5.3 Discussions 
In this study, SWTM is proposed to estimate the transport of radioactive materials 
based on the historical wind data collected in Ninh Thuan NPP site. The model can 
simulate the centerline of the radionuclide plume during the transport process in the 
atmosphere. One of the major advantages of SWTM model is that it can quickly 
provide the first estimation of the potential area affected by radionuclide. More 
precisely, only wind data which is widely available is sufficient as the input data 
requirements for the simulation of radionuclide transport. Thousands of the 
radionuclide transport simulation can be done in a short time. The simulation results 
then furthermore can be easily combined and mapped into the scatter chart to 
generate the spatial maps of radionuclides over the domain of interest. 
However, the advanced atmospheric dispersion models such as Lagragian 
Trajectory Model are irreplaceable in case that the precise description of radionuclide 
 70 
dispersion in 3-dimentional distribution for creating emergency management plans is 
needed. For instance, the accident management insights after a NPP accident 
happened requires the more realistic level of simulation results from these advanced 
models even though these assessments are sophisticated and high requirement on 
quality of input meteorological data. For the special circumstances, SWTM results that 
trace only the centerline radionuclide transport on the flat terrain are surely not 
enough. SWTM, however, can provide the overview picture of spatial risk map of 
affected areas.  
The main disadvantage of SWTM is the dispersion estimation part. The similarity 
theory assumed that the eddy diffusion coefficients are constant in time and space. 
This is true for molecular processes but not in the turbulent atmosphere. Therefore, 
the empirical approach discussed in the next chapter are used for obtaining values of σ 
as a function of distance and stability conditions in the real atmosphere.  
5.4 Conclusions 
To estimate the consequences of radionuclide spread during NPP accidents, 
atmospheric dispersion simulation models such as GPM or PTM are widely used. 
However, they require a complex set of meteorological data. Yet, the historical data is 
not consistently available because of the lack of observed meteorological indicators in 
some situations, such as solar radiation or mixing heights. Moreover, these models are 
mathematically sophisticated and costly in generating the estimates which require 
thousands of repeated simulation running.  
In this research, SWTM that overcomes the limitations of meteorological data is 
proposed to estimate the spread of radioactive materials based on the widely available 
historical data of the wind speed and direction. STWM is designed by efforts not only 
to decrease meteorological input data demands but also to keep computational cost 
and mathematical simplicity to a minimum. For the NPP site selection and site 
evaluation stages, SWTM can be used to create the spatial risk maps of radionuclide 
around the NPP site. The results serve as useful information for the local governments 
to establish long-term preparedness plans and to discuss policies on safety and 
environment at regional and national levels.  
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In order to demonstrate the usefulness and applicability of SWTM model, the 
simulation the large-scale (more than 100km) dispersion of radionuclides in the 
atmosphere for Ninh Thuan 2 NPP site in Vietnam through a total of 32,144 
meteorological conditions over an eleven-year period (1996 - 2006) is implemented. 
The simulation results appear to become useful information for policy planners in 





Chapter 6.  
REVISED SIMPLIFIED WIND 
TRANSPORT MODEL 
In order to improve the major weakness of SWTM, this chapter introduce the Pasquill-
Turner method in estimating the atmospheric stability class. The atmospheric stability 
class is the most important input data for dispersion simulation. The Pasquill-Turner 
method category atmospheric stability based on wind speed, solar altitude angle and 
cloud cover rate. 
6.1 Solar Altitude Angle  
The solar zenith angle can be determined from [57] 
 cos𝜃𝑠 = 𝑠𝑖𝑛𝜑𝑠𝑖𝑛𝛿 + 𝑐𝑜𝑠𝜑𝑐𝑜𝑠𝛿𝑐𝑜𝑠𝐻𝑎  Equation 6.1 
where 𝜑 is the latitude, 𝛿 is the solar declination angle, and 𝐻𝑎 is the local hour 
angle of the Sun, as illustrated in Figure 6.1(a) and (b) [57]. The declination angle is 
the angle between the Equator and the north or south latitude of the subsolar point, 
which is the point at which the Sun is directly overhead [57]. The local hour angle is 
the angle, measured westward, between the longitude (meridian) of the subsolar 
point and the longitude of the location of interest [57]. 
Equation 6.1 is obtained from Figure 6.1(a) by applying the law of cosines to 
triangle APB. Since arcangle AOP = 90𝑜 − φ , arcangle BOP = 90𝑜 − δ , and the 
distances OP, OA, and OB are known, the arc lengths AP and BP can be determined 
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from the law of sines [57]. With these distances and the fact that angle APB=𝐻𝑎, the 
arc length AB can be obtained from the law of cosines [57]. Since the distances AB, OA, 
and OB are known, the solar zenith angle (AOB) can be determined from the law of 
sines [57]. 
The solar declination angle is found from [57] 
 δ = sin−1(sinεobsinλec)  Equation 6.2 
where εob is the obliquity of the ecliptic and λec is the ecliptic longitude of the 
Sun [57]. The ecliptic is the mean plane of the Earth’s orbit around the Sun [57]. It is 
fixed in space relative to the Earth, and the Earth rotates through it [57]. It cuts 
through the Tropic of Capricorn on one side of the Earth, the Equator in the middle, 
and the Tropic of Cancer on the other side of the Earth [57]. The obliquity of the 
ecliptic is the angle between the plane of the Earth’s Equator and the plane of the 
ecliptic, approximated as 
 𝜀𝑜𝑏 = 23
𝑜. 439 − 0𝑜. 0000004𝑁𝐽𝐷   Equation 6.3 
where 
 NJD = 364.5 + (Y − 2001) × 365 + DL + DJ  Equation 6.4 
 DL = {
INT(Y − 201)/4   Y ≥ 2001
INT(Y − 2000)/4 − 1    Y < 2001
  Equation 6.5 
𝑁𝐽𝐷is the number of days from the beginning of Julian year 2000 [57]. In 
Equation 6.4, Y is the current year, 𝐷𝐿  is the number of leap days since or before the 
year 2000, 𝐷𝐽  is the Julian day of the year, which varies from 1 on January 1 to 365 (for 
non-leap years) or 366 (for leap years) on December 31 [57]. Leap years occur every 
year evenly divisible by 4 [57]. 
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Figure 6.1: (a) Geometry for zenith angle calculation on a sphere. (b) Geometry for a 
different solar zenith angle 
The ecliptic longitude of the Sun is approximately [57] 
 λ𝑒𝑐 = 𝐿𝑀 + 1
𝑜. 915sin𝑔𝑀 + 0
𝑜. 020sin2𝑔𝑀  Equation 6.6 
Where 
 𝐿𝑀 = 280
𝑜. 460 + 0𝑜. 9856474𝑁𝐽𝐷  Equation 6.7 
 gM = 357
o. 528 + 0o. 9856003NJD  Equation 6.8 
are the mean longitude of the Sun and the mean anomaly of the Sun, respectively 
[57]. The mean anomaly of the Sun is the angular distance, as seen by the Sun, of the 
Earth from its perihelion, which is the point in the Earth’s orbit at which the Earth is 
closest to the Sun assuming the Earth’s orbit is perfectly circular and the Earth is 
moving at a constant speed [57]. The mean anomaly at the perihelion is 0𝑜 [57]. 
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Figure 6.2: Solar declination angles during solstices and equinoxes. Of the four times 
shown, the Earth-Sun distance is greatest at the summer solstice 
 




  Equation 6.9 
where 𝑡𝑠 is the number of seconds past local noon, and 86 400 is the number of 
seconds in a day [57]. At noon, when the Sun is highest, the local hour angle is zero, 
and simplifies to cosθs  = sinφsinδ + cosφcosδ [57]. When the Sun is over the Equator, 
the declination angle and latitude are zero, and simplifies to cosθs  = cosHa [57]. 
Figure 6.2 shows that the Sun reaches its maximum declination ( ±23.5𝑜 ) at the 
summer and winter solstices and its minimum declination (0◦) at the vernal and 
autumnal equinoxes [57]. 
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6.2 Estimating Atmospheric Stability Class by Turner Method 
Turner presented a method for determining Pasquil stability categories (Table 6.1). 
The method estimates the effects of net radiation on stability from solar altitude, total 
cloud cover rate [27]. The table 6.2 gives the stability class (1=A, 2=B,….) as a function 
of wind speed and net radiation index. 
The Net Radiation Index (NRI) in Pasquill-Turner method is determined in 
reference to the following procedure [1, 5] [27]:  
(1) 0, when the total cloud cover is 8/8 and the ceiling height of cloud base is 
less than 7000 ft (low clouds) [27].  
(2) -2, during the night if the total cloud cover is ≤3/8, and if it is >3/8, then -1  
[27] 
(3) 4, (high radiation levels) ranging to 1 (low radiation levels) during daytime 
and depending on the solar altitude (Table 6.2). Corrections of NRI during daytime are 
as follows [27]:  
(a) If the total cloud cover is ≤4/8, then the indices are used as from 
Table 6.2. [27] 
(b) If the cloud cover is >4/8 two cases are distinguished: [27] 
(b-1) ceiling <7000 ft, then 2 is subtracted and  [27] 
(b-2) ceiling ≥7000 ft and <16000 ft then 1 in subtracted. [27] 
(c) If the total cloud cover is 8/8 and the ceiling height is ≥7000 ft, then 
1 is subtracted. [27] 
(d) If the corrected value is less than 1, then it is considered equal to 1. 
[27] 
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When the solar altitude is higher than 60 degrees, i.e. in the afternoon 
summertime, then the atmosphere is unstable [27]. Moderate instability occurs during 
a summer day with few clouds [27]. Weak atmospheric instability happens usually in 
the afternoons of autumn or summer days with few low clouds [27]. The neutral 
category governs during cloudy days and nights [27].  
Finally, the creation of inversions during nights with clear sky indicates stable 
atmosphere  [27][28]. Stability class in Pasquill-Turner method is determined 
according to the corrected NRI and the wind speed, as it is shown in Table 6.3 [27]. 
Table 6.1: Definition of Pasquill Atmospheric Stability Categories  
Surface wind 
speed (at 10m) 
(m/s) 
Daytime isolation  Night-time conditions 
Strong Moderate Slight  >3/8 cloudinessa ≤ 3/8 cloudiness 
<2 A A-B B    
2-3 A-B B C  E F 
3-5 B B-C C  D E 
5-6 C C-D D  D D 
>6 C D D  D D 
 
Table 6.2: Insolation as a function of solar altitude 
Solar Altitude h(o) Isolation Insolation Class Number 
60<h Strong 4 
35<h<60 Moderate 3 
15<h<35 Slight 2 
h<15 Weak 1 
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Net Radiation Index (NRI) 
4 3 2 1 0 -1 -2 
0-1 1 1 2 3 4 6 7 
2-3 1 2 2 3 4 6 7 
4-5 1 2 3 4 4 5 6 
6 2 2 3 4 4 5 6 
7 2 2 3 4 4 4 5 
8-9 2 3 3 4 4 4 5 
10 3 3 4 4 4 4 5 
11 3 3 4 4 4 4 4 







Chapter 7.  
OFFSITE DOSE ASSESSMENT 
AND ZONE PLANNING  
In case of a NPP accident, the radioactive materials released as fine aerosol or gas will 
create a plume which is transported in downwind path [6]. The residents living in the 
areas along the exposure path of the radionuclides will be affected through many 
pathways such as breath, lung, skin or food chain [6]. The residents who are living in 
the locations affected by the highest level of radionuclide contamination is the most-
affected people. Therefore, the evaluation of radioactive substances spreading from a 
NPP site must be able to estimate and record the concentration of radionuclides at a 
certain point around NPP sites. These tasks require a wide variety of input data. 
Besides the meteorological data of the monitoring site, the topographical data, the 
source term data are also needed. In addition, with distance from the exhaust stack 
and time from the starting of release, radionuclide concentrations become gradually 
lower along the spreading path [58]. When the radionuclides reach to a certain 
distance that is accepted as a safe distance from a nuclear reactor, the outer boundary 
by this distance will define the safe zones for the public.  
This research implemented our methodology by applying it to the case of offsite 
dose assessment for Ninh Thuan 2 NPP site in Vietnam. The study assumed the 
hypothetical severe NPP accident source term scenario and combined with the actual 
hourly meteorological condition during the fourteen years period to describe the 
radionuclide ground-surface concentration in the form of Gaussian distributions for 
the domain of interest. In the next step, the human dose through inhalation pathway of 
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radionuclide materials around the NPP offsite areas is estimated. Based on the offsite 
dose calculation, the study uses the conventional and probabilistic approach to create 
the offsite zoning plan based on the reactor site criteria regulated by United States 
Nuclear Regulatory Commission (NRC). 
 
Figure 7.1: Research scheme 
Figure 7.1 is the illustration for the scheme followed by this research. In the 
beginning stage, the source term is created as the input data for the further stage. The 
source term was carried out via literature review about the source term of a 
hypothetical severe nuclear accident written by GE Hitachi Nuclear Energy for the case 
of advanced boiling water reactor (ABWR) - the world's first generation III reactor 
[59]. In the second stage, the atmospheric dispersion model is applied to calculate the 
concentration of radionuclide materials released in the atmosphere as well as the 
radionuclide dose to the human. This stage uses the hourly meteorological data in 
Ninh Thuan Province from 1998 to 2009 period to predict the radionuclide 
concentration for a wide range of atmospheric conditions. The final stage is to plan the 
critical zones for the areas around the NPP facilities, including exclusion zone (EZ), 
low population zone (LPZ) and population center distance for the nearest densely 

















producing the evacuation policy and the preparedness plan for the emergency case of 
NPP accident to limit and minimize the consequence of the radionuclide to the public 
and the environment. 
7.1 Hypothetical Accident Scenario  
7.1.1 Source Term 
A source term is a technical expression used to describe the accidental release of 
radioactive material from a nuclear facility to the environment [60]. One of the 
important parameters described in the source term is the inventory of 
radionuclides[60]. In a nuclear reactor, various radioactive materials are generated in 
fission and activation process[60]. The inventory of fission products and other 
radionuclides that are formed during the fission process in the reactor fuel and core 
can be grouped into a small set of categories of elements with similar physical or 
chemical behaviours (Table 7.1) [24] [60]. 
Table 7.1: Radionuclide classification scheme 
Nuclide Group Nuclides 
Noble Gases Group Xe, Kr 
Iodine Group (Halogens) I, Br 
Cesisum Group Cs, Rb 
Telleurim Group Te, Sb, Se 
Strontium Group Ba, Sr 
Ruthenium Group (Noble metals) Ru, Rh, Pd, Mo, Tc, Co 
To describe the NPP accident, the source term scenario must define the fraction 
of the total amount of the isotopes available in the reactor that release from a nuclear 
facility to the environment. For the Ninh Thuan 2 NPP site in Vietnam, the advanced 
boiling water reactors (ABWR) have been considered by the authorities to be installed 
and become operational in 2024-2025. To assess the risk of a hypothetical NPP 
accident at this research site, a source term for ABWR inventory is therefore applied. 
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The assumption value of iodine isotopes inventory are given in Table 7.2. For 
evaluating the potential radiological consequences of a loss of coolant accident of 
boiling water reactor type, the Regulatory Guide 1.3 of the United States Nuclear 
Regulatory Commission (NRC) is commonly used to assume the important parameters 
of the source term [61]. In this regulation, it is assumed that of the fission products 
found in the core, 100% of the radioactive noble gas inventory and 25% of the 
radioactive iodine inventory will be available for leakage from the reactor 
containment. Moreover, the release of available airborne radioactivity from the NPP 
reactor to the environment is assumed to occur at a constant leakage rate of 0.1% per 
day. Among the fission products and radionuclide materials, the iodine isotopes effects 
immediately to the human health after releasing from NPP accident. The internal 
radiation to the thyroid from radioiodine through the inhalation is root cause of 
subsequent thyroid cancer [62]. Therefore, this research primarily concerns on iodine 
group to assess the offsite dose of NPP accident. Table 7.3 shows the amount of iodine 
isotopes released to the environment during the time Τ, simply referred here as R. 
Table 7.2: Inventory of Iodine Isotopes  
Iodine Isotope Decay Constants (hours-1) Inventory (Bq) 
I-131 3.59E-03 3.46E+18 
I-132 3.03E-01 5.18E+18 
I-133 3.33E-02 7.36E+18 
I-134 7.91E-01 8.07E+18 
I-135 1.05E-01 4.37E+18 
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Table 7.3: Amount of Iodine Release to the Environment 
Iodine Isotope 




Low Population Zone 
I-131 7.19E+13 9.93E+15 
I-132 8.09E+13 1.78E+14 
I-133 1.48E+14 2.30E+15 
I-134 8.44E+13 1.06E+14 
I-135 8.20E+13 4.33E+14 
7.1.2 Released Radionuclide Concentration  
The plume of radionuclide released in the atmosphere can be separated as a series of 
puffs. Each puff is transported in downwind path. Along this path, it expands 
horizontally and vertically by dispersion process. The dispersion simulation estimates 
how radionuclide materials distribute along the exposure path. Dispersion estimates 
must be implemented in order to describe the distribution of radionuclide 
concentration at a point of interest. To estimate the distribution of radionuclide 
spread during NPP accidents, atmospheric dispersion simulation models such as 
Gaussian Plume Model are widely used. In this research, dispersion estimates are 
determined by using Gaussian plume equation. This equation is based on an analytical 
solution under the assumption of constant wind speed, no wind shear, and flat 
topography [32]. The equation for a continuous source point is defined as following: 
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𝒛+𝑯
𝟐𝝈𝒛
𝟐)] Equation 7.1  
The ground level of radionuclide concentration is defined in equation 7.2 which 
is transformed from equation 7.1. This average centerline value of the ground 
concentration χE will be used to estimate the radius distance of the critical zones 








𝟐)  Equation 7.2  
where: 
χ(x, y, z) The radionuclide concentration (Bq.m-3) at point (x, y, z) 
χ  The average centerline value of the ground concentration (Bq.m-3) 
Q  Amount of material released (Bq.s-1) 
σy, σz The standard deviations (m) of the normal crosswind and the vertical 
concentration distributions of plume materials, respectively 
u  The mean wind speed (m/s) at the effective release height H 
H  The effective release height (m) 
The standard deviations of the normal crosswind and the vertical concentration 
distributions of plume materials are respectively [9]: 
 σy = ax
b and σz = cx
d Equation 7.3 
where coefficients parameters a, b, c and d are defined in Table 7.4. 
Table 7.4: Values for standard deviation σy, σz  
Pasquill-Gifford Stability Category a b c d 
A 0.3658 0.9031 0.0003 2.1250 
B 0.2751 0.9031 0.0019 1.6021 
C 0.2089 0.9031 0.2000 0.8543 
D 0.1474 0.9031 0.3000 0.6532 
E 0.1046 0.9031 0.4000 0.6021 
F 0.0722 0.9031 0.2000 0.6020 
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For simplifying the assumption, the diffusion factor (χ/Q) is used and the 
effective released height is set at 30 meters. Figure 7.2 represents the comparison of 
diffusion factor (χ/Q) at different atmospheric stability classes and wind speeds as a 
function of distance. 
It can be seen from Figure 7.2 that the curve of atmospheric stability class F 
(under the wind speed of 1 m. s−1) covers all the curves of other stability categories. 
Therefore, it is called as the envelope of a set of curves represented by several stability 
categories and wind speeds. It can be said that if the NPP accident is happened under 
the meteorological conditions defined by atmospheric stability class F (under the wind 
speed of 1 m. s−1), the release of radionuclide materials can lead to the worst 
consequences and the affected areas will be the widest one. Therefore, the 
atmospheric stability class F, combining with the wind speed of 1 m. s−1, can be seen 
as the worst-case of the atmospheric condition for the hypothetical accident at the 
Ninh Thuan 2 NPP. By projecting every point in this envelope curve defined by F and 
wind speed 1 m. s−1 to the distance-axis of the graph, we can find the longest distance 
that the radionuclides can be released from the exhaust stack in the worst-scenario 
case of accident.  
 
Figure 7.2: Diffusion factor for several stability categories and wind speed at effective 



































7.1.3 Offsite Dose Assessment 
Radiological offsite dose assessment is a quantitative process that characterizes the 
relationship between the environmental release of radioactive effluents and the 
potential effects on human health. The offsite dose assessment is a structured process 
that maps the progression of a radionuclide from its point of release to the 
environment, through various environmental pathways, resulting ultimately in 
exposure to man. Radionuclide release in the atmosphere will effect to the human 
through different dose exposure pathways. These exposure pathways may be grouped 
into three categories. The first group is composed of the airborne releases which are 
exposures resulting from radioactive materials released with gaseous effluents to the 
atmosphere. Another group of liquid releases includes the exposures resulting from 
radioactive materials released with liquid discharges to bodies of water. Other kind of 
exposure pathway is the radiation from contained radioactive sources. For our 
research, when performing radiation dose calculations, we focus only the exposure 
pathway through the atmosphere that often significantly contributes to the total dose 
of interest need to be evaluated. More precisely, the dose factor of radioactivity 
releases in airborne that enter the human body through inhalation is primarily 
focused. This dose component is referred as the committed effective dose equivalent 
(CEDE). The CEDE dose is the result from inhalation of material directly from the 
passing plume and is defined as [22]: 
 𝐃𝐂𝐄𝐃𝐄 = ∑ 𝐂𝐅𝐢 ∑ 𝐑𝐢𝐣𝐁𝐣(𝛘/𝐐)𝐣𝐣𝐢  Equation 7.4  
where: 
𝐷𝐶𝐸𝐷𝐸  CEDE dose (rem) 
𝐶𝐹𝑖  CEDE dose conversion factor (rem.Bq-1) for isotope i  
𝑅𝑖𝑗   Amount of isotope i released during time period j (Bq) 
𝐵𝑗  Breathing rate during time period j (m3.s-1) 
(𝜒/𝑄)𝑗  Diffusion factor during time period j (s.m-3) 
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It is important to note that this study primarily concerns on iodine group to 
assess the offsite dose of NPP accident. Therefore, the evaluation is performed for the 
iodine isotopes only. The internal radiation to the thyroid from different iodine 
isotopes through the inhalation represents a different health risk. Table 7.5 shows the 
dose conversion factors 𝐶𝐹 for adult inhalation of iodine isotopes [22]. 
Table 7.5: Adult Inhalation Thyroid Dose Conversion Factors (𝐂𝐅)  






7.2 Offsite Zone Planning  
Based on the analysis of offsite dose assessment, the study has constructed the plan 
for the classification of the critical areas around the NPP. It is intended that each area 
shall be considered individually based on its specific requires in determining its 
boundaries. Roughly circular areas around the facilities of reactors are classified in 
two main areas: EZ and LPZ. 
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Figure 7.3. Zone Planning 
EZ is the area surrounding the reactor, in which the reactor owner has the 
authority to determine all activities including exclusion or removal of personnel and 
property from the area. Residence within the EZ shall normally be prohibited. In any 
event, residents shall be subject to ready removal in case of necessity. Activities 
unrelated to operation of the reactor may be permitted in an EZ under appropriate 
limitations, provided that no significant hazards to the public health and safety will 
result. Immediately surrounding the EZ is the LPZ. This area contains residents, the 
total number and density of which are such that there is a reasonable probability that 
appropriate protective measures could be taken in their behalf in the event of a 
serious accident. Another factor to be considered in offsite zoning is the measure of 
population center distance. This is the distance from the reactor to the nearest 
boundary of a densely populated center containing more than about 25,000 residents. 
This section aims to the determination of EZ, LPZ, and population center distance 
which are carried out based the criteria for area zoning plan regulated by the United 
States Nuclear Regulatory Commission (NRC). 
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7.2.1 Criteria for Area Zoning Plan 
Protection of the health and safety of the public in the operation of nuclear reactors is 
augmented through the implementation of federal regulations administered under the 
auspices of NRC. Title 10 part 100 of the Code of Federal Regulations (10 CFR 100), 
"Reactor Site Criteria," contains the federal regulations governing the siting factors 
and criteria in assuring that radiological doses from postulated accidents will be 
acceptably low. This base reflects that the primary factors that determine public 
health and safety are the reactor design, construction and operation. These include the 
criteria to define the emergency plans in case of reactor accident [31][63]. As required 
by 10 CFR 100, the size of an EZ is determined in the way that an individual located at 
any point on its boundary for two hours immediately following onset of the postulated 
fission product release would not receive a total radiation dose in excess of 300 rem to 
the thyroid from iodine exposure. For a LPZ, its boundary is the limitation that an 
individual located at any point on its outer boundary who is exposed to the radioactive 
cloud resulting from the postulated fission product release during the entire period of 
its passage (e.g. 30 days) would not receive a total radiation dose in excess of 300 rem 
to the thyroid from iodine exposure. Based on the size of a LPZ, the nearest boundary 
of a densely populated center is at least one and one-third times the distance from the 
reactor to the outer boundary of the LPZ [63]. That distance is called population center 
distance. In applying this guide, due consideration should be given to the population 
distribution within the population center. Where very large cities are involved, a 
greater distance may be necessary because of total integrated population dose 
considerations. 
The thyroid dose depends on the volume of air that the human inhales when 
appearing in the radionuclide plume. When human is working in the EZ, it is assumed 
that the breathing rate is based on eight hours of inhalation of the active portion of the 




= 𝟑. 𝟒𝟕 × 𝟏𝟎−𝟒(𝐦𝟑. 𝐬−𝟏)  Equation 7.5  
For the case of human is living in the LPZ, the breathing rate is assumed to be at 





= 𝟐. 𝟑𝟐 × 𝟏𝟎−𝟒(𝐦𝟑. 𝐬−𝟏)  Equation 7.6  
7.2.2 Zone Planning by Conventional Approach 
First, the zone planning is carried out by applying the conventional approach. 
Conventional approach is the scheme based on the assumption that the weather 
condition is at steady state along the pathway of radionuclide release. The calculation 
is performed under the scenario that the NPP accident is happened under the worst-
case of atmospheric condition when the weather remains at atmospheric stability 
class F and the wind speed 1m.s-1. This scenario can be representative for all cases of 
weather conditions during the time of accident. Under this assumed meteorological 
condition, the radius of the critical zones, EZ and LPZ is calculated based on the 
diffusion factor χ/Q that is inferred from the equation 7.2. Furthermore, the diffusion 
factor χ/Q is calculated under the dose conversion factor CF, the breathing rate B and 
the amount of released iodine isotope R. With the available data of CF, B and R, the 
result of iodine diffusion factor χ/Q will be 1.75 × 10−4 for the EZ and 3.05 × 10−6 for 
the LPZ. Based on diffusion factor χ/Q results, the radius distances for the EZ and for 
the LPZ are determined to be at 2.5 km and 36 km respectively.  
Figure 7.4 shows our calculated results for the EZ and LPZ represented in the 
map of Ninh Thuan NPP site. While the red circle represents for the boundary of the 
EZ, the black circle is used to identify the boundary of the LPZ. The LPZ, having the 
radius distance of 36 km, covers a wide range area of more than 4,000 km2 (π × 362). 
With the radius distance of 36 km, it is clear to say that in case of emergency, the 
evacuation of the population living in such wide range area around NPP site will surely 
take a huge cost and responsibility from the government. To avoid the overestimation 
of the LPZ, the study takes another approach by considering the actual weather 
conditions of the research site. Our proposed historical data assessment takes into 
account the probabilities of different weather condition patterns that had been 
happening in more than one decade in the area of the research site. Based on that, our 
methodology is an attempt to provide a practical scheme that can create a more 
realistic boundary distance that shapes the LPZ. The following section describes the 
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details of the historical data approach and shows the result as compared with that in 
the conventional approach.  
 
Figure 7.4. Exclusion Zone and Low Population Zone estimated by deterministic 
approach 
7.2.3 Zone Planning by Historical Data Approach 
Instead of planning the LPZ by the conventional approach (i.e. conventional approach) 
which shapes this area in the circle of radius r, we have applied the historical data 
approach for each particular circular sector of this area which represents different 
atmospheric conditions during the NPP accident. This approach takes into account the 
probabilities of different atmospheric patterns based on our collection of the historical 
meteorological data in the period from the year of 1996 to 2009 in the area of the 
research site. 
After the incident of nuclear facilities, the radionuclide materials are dispersing in the 
atmosphere whose conditions are variably changing by time. At a certain point of 
interest, the radionuclide concentration varies depending on the atmospheric 
condition at that point in the given time of the observation. Therefore, points of the 
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radionuclide mass. It also means that people sitting in the affected areas with the same 
distance from the nuclear stack of release may receive different radiation doses to the 
thyroid from iodine exposure. While the conventional approach assumes the case of 
NPP accident under the stable meteorological defined by the stability class F and the 
wind speed of 1 m. s−1, people sitting in the affected areas with the same distance from 
the nuclear stack will receive an equal radiation dose. Indeed, it may not entirely 
reflect the realistic situation. The LPZ which is defined by the limitation of a total 
radiation dose of 300 rem to the thyroid from iodine exposure will not be simply a 
circle round if we consider the atmospheric conditions under that the radionuclides 
disperse.  
From that observed fact, the historical data approach tries to produce more 
realistic results of the boundary of the LPZ than the deterministic approach by using 
historical weather conditions of the domain of interest. In the first step, we divided the 
affected area around the NPP reactor in 16 zone sectors representing 16 directions of 
the wind. They are: East (E), East-North-East (ENE), North-East (NE), North-North-
East (NNE), North (N), North-North-West (NNW), North-West (NW), West-North-
West (WNW), West (W), West-South-West (WSW), South-West (SW), South-South-
West (SSW), South (S), South-South-East (SSE), South-East (SE), East-South-East 
(ESE). For each wind direction, we then combined the wind speed with the 
atmospheric stability classes (A, B, C, D and F) based on the categorization method 
defined by Pasquill (Table 7.6). Our actual data of historical wind in the fourteen years 
period of Ninh Thuan 2 NPP produced the 37 cases of the wind speed combined with 
the atmospheric stability classes (Table 7.7). These cases illustrate 37 different 
conditions of weather may probably happen in a particular location of the affected 
area during the time of accident. Table 7.7 shows the frequency of these happening 
weather conditions for distinct wind directions cover 16 zone sectors of the affected 





Table 7.6: Definition of Pasquill Atmospheric Stability Categories 
Surface wind speed 
(at 10 m) (m.s-1) 
Daytime insolation Night-time conditions 





<2 A A-B B   
2-3 A-B B C E F 
3-5 B B-C C D E 
5-6 C C-D D D D 
>6 C D D D D 
Note: Stability category characteristics are as follows: A is extremely unstable, B 
is moderately unstable, C is slightly unstable, D is neutralb, E is slightly stable, F is 
moderately stable. 
a The degree of cloudiness is defined as that fraction of the sky above the local 
apparent horizon that is covered by clouds 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































To estimate the radius distance for the roughly circular of the LPZ, we have 
implemented a simulation of the radioactive dispersion resulting from the postulated 
fission product release during the entire period of its passage (i.e. 30 days as it is 
assumed by 10 CFR 100). The atmospheric conditions in the affected area during these 
30 days (i.e. 720 hours) are represented by a weather sequence that contains 720 
weather elements corresponding to 720 hours of releasing. Theoretically, there are in 
total 37720 ways for creating this weather sequence from 37 actual cases of weather 
shown in Table 7.7. Each case of weather will also be appeared in the sequence with 
the probability defined by Table 7.7. The simulation that covers all such huge numbers 
of theoretical cases requires the huge cost and time of computing running. To reduce 
the size of computing, the Monte Carlo method is applied in this study to generate the 
sample of 100,000 weather sequences for each zone directions. In total 1,600,000 
weather sequences for 16 zone directions are created as the input data of 
meteorological conditions for the radionuclide dispersion simulation. Under the 
condition of each weather sequence, how far the distance that the radionuclides can be 
dispersed from the stack of release to the point of 300 rem of dose can be estimated. 
Therefore, there are in total 100,000 resulted distances that correspond to 100,000 
weather sequences for each zone directions. The probabilistic distribution function is 
created for these 100,000 distances based on their frequency. We had implemented a 
test to prove that our set of results is under normal distribution. Kolmogorov-Smirnov 
test provided by MATLAB tool helps us to confirm that with the confidence level above 
95%. 
 
Figure 7.5. The distributed probability of zone distance in west direction 
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By using the normal distribution theory, the range of less than two standard 
deviations away from the mean accounts for about 95 percent of the sample. 
Therefore, the sum of the mean and two times of standard deviation is used to be 
representative for the distance that the radionuclides can be dispersed from the stack 
of release to the point of 300 rem of dose. Table 7.8 shows the calculated distances for 
16 different directions in the zone around the NPP. They used to define the boundary 
for the LPZ. It is then used to create the shape of the LPZ by the historical data 
approach. 
Table 7.8: Statistics of the simulation for 16 directions  
Direction Mean (m) 
Standard 
deviation (m) 
Low Population Zone 
Distance (m) 
E 13,757 594 14,945 
ENE 7,040 407 7,855 
NE 10,185 553 11,291 
NNE 4,439 362 5,163 
N 5,468 362 6,192 
NNW 4,832 328 5,488 
NW 2,137 208 2,554 
WNW 2,101 176 2,452 
W 14,177 593 15,362 
WSW 11,700 575 12,850 
SW 12,981 571 14,123 
SSW 6,934 374 7,683 
S 4,730 258 5,247 
SSE 3,112 260 3,632 
SE 1,607 126 1,859 
ESE 4,704 264 5,233 
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Figure 7.6 is the map showing the LPZ defined by the conventional approach as 
compared to that defined by the historical data approach. The difference in the shapes 
of the LPZ resulting from the two different approach suggest the useful information for 
the government in planning the critical zones around NPP site and the emergency 
action in case of NPP accident. 
 
Figure 7.6: The comparative low population zone in conventional (solid line) and 
historical data approach (dotted line) 
7.3 Conclusion 
This study aims to provide the offsite dose assessment methodology of a hypothetical 
NPP accident and applied it to the case at the Ninh Thuan 2 NPP in Vietnam. The total 
radiation dose to the thyroid from iodine exposure through inhalation exposure 
pathway is primarily focused and estimated. The estimation of the offsite dose is then 
used as the criteria for the planning of the critical zones around the NPP, including the 
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our proposed historical data assessment. Conventional approach is the scheme based 
on the assumption that the weather condition is at steady state along the pathway of 
radionuclide release. In this approach, the estimation of dose is performed under 
hypothetical worst-case of atmospheric condition when the weather remains at 
atmospheric stability class F and the wind speed 1 m. s−1. From another perspective, 
our proposed historical data approach takes into account the probabilities of different 
atmospheric patterns based on our collection of the historical meteorological data in 
the period from the year of 1996 to 2009. The attempt is to provide a more practical 
scheme. The comparative results in estimating the distance of LPZ show that the merit 
point of our proposed historical data approach is that it reflects the more reality of the 
NPP accident situation than the conventional one by considering the huge historical 
weather conditions of the research site. The LPZ boundary by historical data approach 
covers the area of 250 km2, accounting for only 6.25% as compared with the results 
from conventional approach (4000 km2), while it still can be represent for 95% of 
weather conditions during the accident. These comparative results of LPZ by two 
different methods suggest the useful information for authorities and government 
planners in arranging the critical zones around the NPP. The results can also be used 
by the government to produce the evacuation policy and the preparedness plan in case 
of NPP accident to limit and minimize the consequence of the radionuclide to the 
public and the environment. 
The critical zones distance giving by conventional approach does not give to the public 
a practical implication. The public do not recognize exactly how the threats of NPP 
accident distributing.  By using historical data approach, the zone area is created 
based on the real hourly historical data from 14 years duration. The low population 
zone by history data approach is an area had the highest probability appearing the 
threats if the NPP accident happens. The public policy makers should much more 





Chapter 8.  
DISCUSSION AND CONCLUSION  
8.1 Applications and Limitations of Research Results 
In this research, the atmospheric dispersion model, namely, SWTM that overcomes the 
limitations of meteorological data is proposed to estimate the spread of radioactive 
materials based on the widely available historical data of the wind speed and direction. 
STWM is designed by efforts not only to decrease meteorological input data demands 
but also to keep computational cost and mathematical simplicity to a minimum. SWTM 
can be used to create the spatial risk maps of radionuclide around the NPP site.  
However, along with its merit as a simplified and fast simulation model, the 
limitation of SWTM is estimation of radionuclide concentration. In order to improve 
the SWTM model, the revised SWTM is introduced. The revised SWTM can achieve 
better output results by taking account the effective wind speed and the atmospheric 
stability class factors for their estimations. Based on that, it can reduce the error gap of 
the estimation of radionuclide concentration compared with the real radionuclide 
concentration in the atmosphere.  
In order to demonstrate the usefulness and applicability of SWTM and revised 
SWTM model, the simulation of the large-scale (more than 100km) dispersion of 
radionuclides in the atmosphere for Ninh Thuan 2 NPP site in Vietnam through a total 
of 40,904 meteorological conditions over an fourteen-year period (1996 - 2009) is 
implemented for creating spatial risk maps. Furthermore, we combine the estimations 
of radionuclide release by using the revised SWTM under the historical weather 
conditions over fourteen-year period with the offsite dose assessment to provide the 
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planning for the low population zone area around the Ninh Thuan 2 NPP. Our 
proposed approach for NPP zone planning is named as the historical data approach, is 
then compared with the conventional approach which is based on the assumption of 
the worst case of meteorological conditions and works under the Gaussian estimations. 
The comparative results of low population zone by two different approaches suggest 
the useful information for authorities and government authorities in arranging the 
critical zones around the NPP.  
However, our proposed method for spatial risk assessment of radionuclide 
release remains one big demerit point in verifying the accuracy of the output results. 
Although it took account the meteorological conditions of the research site, these 
meteorological conditions are merely the kind of historical data and are focused only 
on the wind factors. The other factors of atmospheric conditions and topographic 
characteristics are discarded due the limitation of the input data. Therefore, the output 
results should not guarantee for any important decisions related to the 
implementation of the Ninh Thuan NPP. The critical decisions by government 
authorities, such as the evacuation plan or long-term preparedness plans in case of 
NPP accident, or the policies on safety and environment, should be made based on the 
more reliable and sophisticated estimations over the whole-range of atmospherics 
conditions of the real NPP locations. 
Despite of this limitation, our proposed model can provide the useful information 
for government planners and Vietnamese residents, especially during the current 
situation when the NPP program in Vietnam is just starting the very first steps and the 
residents are worried about the impacts of this program. In these circumstances, even 
the well-equipped meteorological station is not started to be built in Ninh Thuan and 
no available assessment of radionuclide release in the atmosphere in case of NPP 
accident is carried out by VINATOM (Vietnam Automic Energy Institute), our model 
can be seen as the only way to provide the brief picture about the range of impact in 
case of radionuclide releasing in the atmosphere. The spatial risk maps and the critical 
zone planning around the Ninh Thuan NPP site provided by our proposed method not 
only can provide the suggestions for planners during the first-round risk assessment, 
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but also be useful information for government to persuade the residents about the 
feasibility of the nuclear program in Ninh Thuan Province.  
8.2 Conclusion and Future Plan 
In summary, this research provides a method for assessing the radiological risk that 
can work under the limitation of meteorological data. The method not only estimates 
the probability release of radionuclide but also the consequences of radionuclide.  
The main advantage of the methodology providing in this thesis is useful for 
creating an overview picture of how radionuclide distributed. It is used for providing 
the pattern of radionuclide distribution in different season or entire the year. It is an 
useful information for policy planner in establishing the policy related to population 
density, setting alarm network system to detect the radionuclide release and selecting 
the potential NPP site. 
However, the main disadvantage of this method is worked under a very limited 
meteorological data that lead to error gap between the simulation result and the real 
result of radionuclide released. The study tries to provide some solution to improve 
the dispersion simulation by introducing atmospheric stability class of Pasquill-Turner. 
In case of emergency protective action, the model in the study cannot provide an 
exactly simulation of radionuclide release.  
In the near future, the government will construct the modern network 
atmospheric observation system around NPP sites. Therefore, in the incoming work, 
the research on advance atmospheric model should be applied to predict more exactly 
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